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This study presents novel and simple methods for speciation analyses of arsenic, 
antimony, tellurium, and selenium based on selective solid phase extraction (SPE) 
separation of the specified species and highly sensitive detection with inductively 
coupled plasma mass spectrometry (ICP-MS). 
Various silica-based SPE cartridges were investigated for retention of arsenic 
species, i.e., arsenite, arsenate, monomethylarsonic acid (MMA), dimethylarsinic acid 
(DMA), arsenobetaine (AsB), arsenocholine (AsC), trimethylarsineoxide (TMAO) and 
tetramethylarsoniumiodide (TMAI). The retention and elution of arsenic species 
depended on their chemical characteristics and the types of sorbent materials and 
eluents. Arsenic species remained in solution and those eluted with eluents from the 
cartridges were subsequently determined by ICP-MS. On the basis of differences in 
retention and elution behaviors of arsenic compounds, a method was developed for the 
arsenic speciation analysis using SPE cartridges and ICP-MS. A detection limit of 8 ng 
L-1 arsenic in water samples was obtained.  
Non-polar silica-based C8 SPE cartridge selectively retained Sb(III) complex with 
ammonium pyrrolidine dithiocarbamate (APDC), while the uncomplexed Sb(V) 
remained as free species in the solution and passed through the cartridge. The 
concentration of Sb(V) in the aqueous phase was then determined by ICP-MS. The 
concentration of Sb(III) was calculated as a difference between total antimony and 
Sb(V) concentrations. The total antimony concentration was obtained from original 
water sample filtered through 0.45 µm Nylon membrane disc filters. The detection 
limit was 1 ng L-1 antimony. Foreign ions did not interfere with the retention behavior 




Under acidic conditions tellurium(IV) formed complex with APDC. The Te(IV) 
complex was completely retained on a non-polar silica-based C18 SPE cartridge, while 
the uncomplexed Te(VI) passed through the cartridge and remained as a free species in 
the solution. On the basis of different retention behaviors of the complexed Te(IV) and 
uncomplexed Te(VI), a simple and highly sensitive method is proposed for 
determination of total tellurium and Te(VI) by SPE separation and ICP-MS detection. 
The Te(IV) concentration was calculated as a difference between total tellurium and 
Te(VI) concentrations. The detection limit (3σ) is 3 ng L-1 tellurium. Coexisting ions 
did not show significant interferences with the Te(IV)-APDC complex retention and 
the subsequent detection of Te.  
Based on the selective retention of Se(IV) and Te(IV) complexes with APDC on 
the C18 SPE cartridge, an ICP-MS method was developed for simultaneous speciation 
analyses of inorganic selenium and tellurium in water samples. Detection limits of 7 ng 
L-1 for Se and 3 ng L-1 for Te were achieved. This study indicated that the 
simultaneous separation of Se(IV) and Te(IV) in the presence of APDC from Se(VI) 
and Te(VI) could be achieved in the wide range of acidity (0.02-1.0 mol L-1 H+) 
studied. Foreign substances did not show significant interferences with the 
determinations of Se(IV), Se(VI), total Se, Te(IV), Te(VI) and total Te. 
All these developed methods have been successfully applied to the speciation 
analyses of arsenic, inorganic antimony, tellurium and selenium in various sources of 
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Chapter 1     Introduction 
 
1.1 Distribution of trace elements in the environment 
Metal and metalloid elements are ubiquitous in the environment. They exist naturally 
as ions, compounds and complexes. The earth’s crust is the natural reservoir for all the 
chemical elements of various species. Over 99% of the total mass of it is made up of 
oxygen (46.4%), silicon (28.15%), aluminium (8.23%), iron (5.63%), calcium (4.15%), 
sodium (2.36%), magnesium (2.33%) and potassium (2.09%). Besides these eight 
elements, the remaining 80 elements of the periodic table that occur naturally make up 
less than 1% to the composition of the earth’s crust. During the long history of the 
geologic processes, the solid rocks are weathered, and the mountain ridges are eroded. 
The eroded materials are suspended and dissolved in river water and rainwater, 
transported in ice and wind. These processes cause the distribution of the chemical 
elements [1]. 
The parent soil material or soil materials of secondary origin, dry and wet 
atmospheric deposition, agronomic practices are the main sources of chemical 
elements in soil. The mobility, activity, and bioavailability of elements in soil depend 
on many factors in particularly pH, temperature, redox potential, cation exchange 
capacity of the solid phase, competition with other elements, ligation by anions, 
composition and quantity of the soil solution. Accordingly, some elements are 
accumulated in the topsoil, while others are leached out [2]. 
Natural waters acquire their chemical compositions from various sources. They 
collect the suspended and dissolved components through contact with the solids, 
liquids, and gases they encounter during their hydrologic cycles. The composition of 
surface waters and ground waters changes on time scales of minutes to years, however, 
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the composition of the oceans has been constant in millions of years. The main factors 
affecting the composition of natural waters are interactions between water and the 
gases, liquids, and solids that the waters contact when they pass through the hydrologic 
cycle. These interactions determine the chemical environments where trace elements 
exist and influence the transport and fate of the elements in their environmental 
behaviors [3]. 
Chemical elements are found in a great variety in the atmosphere, and the major 
occurrence is in the particulate phase. The emission of the chemical elements into the 
atmosphere originates from natural sources as well as from anthropogenic sources. The 
atmospheric occurrence of chemical elements depends on the source strength, the 
atmospheric dispersion, and the deposition process [4]. 
 
1.2 Effects of trace elements 
A number of elements are parts of the structure of molecular components of cell 
metabolism or have a function of supporting or reinforcing, therefore are called 
“structural elements”. C, H, O, N, P, S, Si, Ca are such elements. Some elements with 
term of “electrolytic elements” are used to build up specific physiological potentials 
and to maintain osmotic pressure in cell metabolism. These elements include K, Na, 
Ca, Cl, Mg etc. Another kind of elements which exercise function of catalyst in cell 
metabolism are called “enzymatic elements”, such as V, Cr, Mo, Mn, Fe, Zn, Cu, Co, 
etc. [5].  
The activities of chemical elements in organisms do not relate directly with the 
supply of them from nutrient medium. Inadequate supplies of elements usually lead to 
symptoms of deficiency. While their excessive supply results in poisoning symptoms, 
even death of the organisms [6]. The action of elements can be described in five basic 
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mechanisms: (1) reaction with defined receptors; (2) inhibition of enzymes; (3) 
interference with specific transportation processes; (4) accumulation in membranes and 
alternation of their properties; (5) covalent binding to essential substances of cell 
metabolism [7].  
 
1.3 The necessity for speciation 
Trace elements exist in a wide range of chemical forms in environmental systems. In 
case of surface waters, they are present in both dissolved and particulate phases. The 
former phase includes the hydrated ions, inorganic and organic complexes, and the 
species associated with heterogeneous colloidal dispersions and organometallic 
compounds. The latter phase contains the chemical associations ranging from weak 
adsorption to binding in the mineral matrix.  
It has been generally accepted that the distribution, mobility, bioavailability and 
toxicity of chemical elements depend not only on their total concentrations, but also on 
their chemical forms. The changes in the environmental conditions such as redox 
potential, pH, complexing ligands and adsorbing sites can highly alter the elements’ 
chemical forms, and thus influence the physical and chemical associations by which 
they undergo in environmental systems.  
Toxicity happens when an organism cannot deal with the additional element 
concentration. The interactions between elements and intracellular components depend 
strongly on their chemical forms. Some species may be able to react directly with 
proteins, enzymes and other biological molecules, while others may diffuse through 
cell membranes, and interfere with the enzyme reactions.  
Change in the oxidation state of an element can profoundly affect the element’s 
toxicity. For example, Cr(IV) is highly toxic for biological systems, but Cr(III) is 
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considered as an essential element for the proper functioning of living organisms [8, 9]. 
Cr(IV) is water soluble and easily taken up by many cells as chromate (CrO42-) through 
anion carriers, while it is difficult for Cr(III) ion to permeate the lipid membrane [10-
12]. As for arsenic, the toxicity increases with the reduced oxidation state: arsenate 
(As(V)) < arsenite (As(III)) < arsine (AsH3) [13]. In addition, the  oxidation state also 
influences its absorption and fate in organism. For example,  Fe(III) is easy to 
hydrolysis in aquatic and biological system, therefore can not freely diffuse through 
the membrane, while Fe(II)  is soluble under these conditions and can enter the cell 
readily [14]. Volatile Hg0 can diffuse from cells, whereas Hg(II) are trapped by the 
membrane [15].  
The organometallic compounds containing a covalent bond between a carbon and a 
metal usually have high hydrophobicity and volatility, thus change the toxicity. A good 
example is the toxicity of  organotin compounds of the butyl group. The more organic 
substituted species are the more toxic: tributyltin (TBT) > dibutyltin (DBT) > 
monobutyltin (MBT) [16-18]. The reason is explained by the strong increase in their 
lipophilic properties causing greater accumulation in membranes, and thus resulting in 
a breakdown of the energy supply of the organism. Although the methylation of metals 
generally increases their toxicity, methylation of arsenic and selenium is the method of 
detoxification for most organisms [13, 19]. 
The distribution of an element among different inorganic compounds and organic 
complexes profoundly impacts its transport and bioavailability by determining its 
physical and chemical properties such as charge, solubility, and diffusion coefficient. 
Complexation reactions between metals and inorganic or organic ligands produce 
coordination complexes with varying thermodynamic stability. Its distribution depends 
on factors such as concentration, stoichiometry, pH and ionic strength [20]. The 
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liability of complexes varies from forming and dissociating rapidly, to going through 
very slow exchange, to having sufficient thermodynamic stability so that they can be 
isolated quantitatively under some conditions.  
Except alkali and alkaline earth elements, most metals undergo hydrolysis under 
neutral pH condition, and form hydroxides with extremely low solubility [21]. The 
reaction can be described as Mn+ + nH2O → M(OH)n ↓ + nH+. The transient polymeric 
aluminum-hydroxo complexes have been found to have higher toxicity than other 
aluminum species [22]. In environmental systems, the pattern of transport and 
availability of some elements, such as Cd, Cu and Pb, depends on their complex with 
polyanions such as humic, tannic and fulvic acids [23, 24]. Additionally, the 
extracellular polymers derived from organisms also show metal-binding stability. In 
the association of a metal ion with humic substances in aquatic systems, the ligand is 
both heterogeneous and polydisperse.  
It has been reported that copper toxicity to alga S. quadricauda increase in the 
range of pH 5.0 to 6.5 and is constant above pH 6.5 [25]. The competition of hydrogen 
ion for cellular binding sites at low pH was the reason for its lower toxicity. At pH>6.5, 
the concentration of free copper ion decreases because of the formation of copper 
hydroxide which may not be toxic to the organisms [26]. Cu2+ and CuOH+ have been 
found to be taken up by the midge larva Chironomous tentants, while Cu-NTA and 
Cu-glycine were not [27]. Some researches showed that the lower stability constant of 
the  copper-organic ligand complex, , the higher toxicity to organisms [28, 29]. The 
complexation of metal and humic substance depends highly on pH [30]. At low pH  
hydrogen ions saturate the metal binding sites of humic substance, whereas at high pH 
free metal ions are not the main species. It is generally accepted that the complexation 
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of metals by humic substance reduces the metal bioavailability, and therefore results in 
the decrease of potential toxicity [31]. 
To fully understand the environmental chemistry of an element, it is necessary to 
obtain completely the concentrations and chemistry of its various species under the 
different conditions possible in natural environments. Speciation science aims to 
characterize element’s forms for understanding the transformations between different 
forms, and to infer the environmental processes controlling these transformations. To 
date, speciation science has attracted the attentions of a number of scientists from 
diverse fields such as toxicology, clinical chemistry, geochemistry and environmental 
chemistry. It is also important to non-scientists, such as legislators and consumers. 
 
1.4 The definition of speciation 
A problem in speciation science is that there is no generally accepted definition of 
“speciation”. In an attempt to solve the present confusion about the usage of the term 
speciation, International Union for Pure and Applied Chemistry (IUPAC) published a 
document on chemical speciation terminology, i.e., Guidelines for terms related to 
chemical speciation and fractionation of element. Definitions, structural aspects, and 
methodological approaches [32].  
According to IUPAC recommendation [32], the term “chemical species” is defined 
as “chemical compounds that differ in isotopic composition, conformation, oxidation 
or electronic state, or in the nature of their complexed or covalently bound substances”. 
The word “speciation analysis” is the “analytical activities of identifying and/or 
measuring the quantities of one or more individual chemical species in a sample or 
matrix”. The term of “speciation” refers to the “distribution of an element among 
defined chemical species in a system”.  
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Another term that has often been confused with “speciation” is “fraction”. In some 
solid matrices such as soils, sediments, and biological or geochemical materials, it is 
impractical to determine the speciation (e.g., metal-humic acid complexes or metal 
complexes in biological fluids). The useful practice is to classify an analyte or a group 
of analytes on the basis of the physical (e.g., size, solubility) or chemical properties 
(e.g., bonding, reactivity).  
Since this study is mainly focused on the solution samples (water analysis), the 
definition in the IUPAC document is followed in the following sections. 
 
1.5 Methodological strategies for speciation analysis 
 
1.5.1 Voltammetric analysis  
The principle of voltammetry is based on a potential applied between the working 
electrode connected to the reference and the auxiliary electrode, all of which are 
immersed in the sample solution.  The concentrations of the species decrease at the 
working electrode surface if the redox actions take place between the first interface and 
these species. Consequently, a diffusion gradient between interface and bulk solution is 
created. The diffusion current is directly related to the bulk concentration of the redox 
species. The current between the working electrode and auxiliary electrode is very 
weak due to the small dimension of the former [33, 34]. The most commonly used 
working electrode is dropping mercury electrode (DME). Its advantages are the easy 
renewal capability and the excellent reproducibility, whereas a large range of negative 
potentials can be scanned because of the high H+ reduction over potential in mercury. 
Besides, many improved voltammetric methods can overcome the interference from 
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oxygen [35], electrochemically inert ligands [36], the heterogeneity of sample solution 
[37] and the adsorption of organic constituents of sample on the electrode [38-45].  
These voltammetric methods have been applied extensively to elemental speciation. 
Korolczuk [46] has proposed an adsorptive cathodic stripping voltammetric procedure 
for the speciation of chromium in the presence of dissolved oxygen without decrease 
of the measurement sensitivity. He also reported some similar modified methods in the 
presence of humic acid [47-50] or synthetic surfactants [50]. Good recoveries had been 
obtained in natural water and soil samples. But high concentrations of chloride showed 
lethal interference. Pyrocatechol violet (PV) [51-52] and N-(2-hydroxyethyl) 
ethylenediamine-N, N,, N,-triacetic acid (HEDTA) [51] were used as the complexing 
agents in differential pulse adsorption stripping voltammetry to resolve the strongly 
overlapping signals of Cr(III) and Cr(V). For the determination of Cr(VI) in soil 
samples, the extraction by carbonate/hydroxide was found unsatisfactory due to the 
electrode poisoning by organic compounds, thus water or neutral phosphate buffer was 
used instead [53]. Three types of modified thick film electrodes have been applied in 
tin speciation in canned fruit juices without special sample treatment [54]. A feasible 
voltammetric method was recently reported to determine Sn(II), Sn(IV), dibutyltin and 
tributyltin [55]. The routine measurement of inorganic arsenic in natural waters can be 
processed with anodic stripping voltammetry (ASV) [56] and cathodic stripping 
voltammetry [57-58]. More recently, the speciation analysis of Se(IV), selenocystine 
and dimethyldiselenide was achieved based on differential pulse cathodic stripping 
voltammetry (DPCSV) at a hanging mercury drop electrode (HMDE) and an extraction 
procedure [59]. Several carbon paste electrodes modified with macrocyclic 
thiohydrazone [60] and other different materials [61] have been used in chemical 
speciation of dissolved copper in aqueous systems. The simultaneous determination of 
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Fe(II) and Fe(III) have been achieved with differential pulse polarography [62], 
competitive ligand exchange-adsorptive CSV [63], and differential pulse ASV [64]. 
Voltammetry has also been applied in the speciation of mercury [65], cadmium [66], 
aluminium [67], zinc [68], antimony [69], lead [66, 70] and thallium [71] .  
 
1.5.2 Liquid-liquid extraction 
Liquid-liquid extraction is a process of transferring a chemical compound from one 
liquid phase (usually aqueous phase) to a second liquid phase (usually organic solvent 
phase). The extraction of the polar metal ions can be achieved by transforming them 
into uncharged complexes. Two main types of system are usually used, one is chelate 
system, the other is ion-associate system. In the former system, the chelate is the 
complex of a metal with a multidentate ligand which has two or more co-ordination 
sites. In the latter system, the compound extracted may be non-solvated co-ordination 
salt, solvated co-ordination salt, or anion complex. 
Speciation of ferric iron in different samples has been achieved by liquid-liquid 
extraction with N,N’-bis (2-hydroxy-5-bromo-benzyl)-1,2-diaminopropane (HBDAP) 
in chloroform [72]. Cyanex 923 (TRPO) [73] and bis-2-ethylhexyl sulfoxide (B2EHSO) 
[74] have been applied to extract mercury (II) in presence of hydrochloric acid. Garcia 
et al. [75] developed an automatic non-chromatographic method for the speciation of 
methylmercury and inorganic mercury in sea water and urine on the basis of the 
selective continuous liquid-liquid extraction of methymercury. After the derivatization 
with sodium tetraethylborate (NABEt), organotin can be enriched with microporous 
membrane liquid-liquid extraction for following speciation analysis [76]. Based on 
extractions with tropolone in chloroform and oxine in isobutylmethylketone (IBMK), 
the speciation of tin can be performed [77]. A method for neodymium (III) 
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determination was based on the extraction with di(2-ethyl-hexyl)phosphoric acid in 
hexane [78]. Determination of copper speciation in marine waters has been reported by 
liquid-liquid extraction [79]. For elemental speciations, ammonium 
pyrrodinedithiocarbamate (APDC), dithizone and diethyldithiocarbamateare often used 
ligands because of their exceptionally strong complexing abilities with many metal 
ions, meanwhile methyl isobutyl ketone is the most often used organic solvent  [80].  
 
1.5.3 Ion exchange and adsorption columns/resins 
The metal species in waters can be present as positively charged cations, negatively 
charged anions, and neutral molecules, When a water sample is passed through the 
appropriate cation-exchange resin (or anion-exchange resin) ,  positively charged (or 
negatively charged) species will be retained. This can serve to separate different 
charged forms. Before its use, the column  should be conditioned with a buffer at the 
same pH as that of the sample.  
A number of chelating resins have been widely used in environmental speciation 
analysis, and Chelex-100 with an iminodiacetate group (IDA) is one of them. 
However, siderophores  in natural waters may compete for the resin groups, because 
they sequest significant concentrations of Cu and Fe [81]. 
Copper and other elements have been analyzed by using resin which can directly 
fix the ions in a cation-exchange mechanism, or indirectly by formation of organic 
complex. On supposition that its complexes with organics or bound to colloidal matter 
do not bore positive charge, some investigators [82-83] tested Cu(II) in sea water after 
pretreatment of sample with cation-exchange column. After the determination of 
concentration inorganic ligands from the pH and salinity values, the speciation of 
Cu(II) can be estimated. Cu(II) complexes with humic and fulvic acids can be 
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separated from fresh water either by an anion-exchange resin [84] due to their anionic 
properties, or by a nonionic macroreticular resin [84, 85] due to the hydrophobic 
properties of humic compounds. Speciation of Cu(II), Cd(II) and Zn(II) in natural 
water has been achieved after sequential passage of the sample through a Chelex-100 
resin and AGMP-1 macroporous anion resin [86]. Lin et al. [87] studied the chemical 
forms and distribution of thallium in Lakes Michigan by means of Chelex-100 resin  
on which Tl(III) was selectively retained. Selective preconcentration of Cr(VI) has 
been carried out using different types of columns such as a column with 
melamineformaldehyde resin [88], Chromabond NH2 [89], or alumina [90], anion 
exchange columns with Amberlite diluted in MIBK [91] or Amberlite LA-1 or LA-2 
[92]. Meanwhile the selective preconcentration of Cr(III) can be achieved using other 
types of columns, such as columns with chelating resin PAPHA [93], quinoline-8-ol 
[94], polystyrene-divinylbenzene[95], or Sephadex resin [96], anion exchange columns 
of MonoQHR 5/5 [97].  
 
1.5.4 Hyphenated techniques 
It is generally necessary to use two analytical techniques or more for the identification 
and quantification of different elemental species. The first is used to separate the 
species, and the second is to identify and quantify these species. When the elemental 
separation and detection occurs on-line, the hyphenated technique appears. Another 
name is hybrid technique. In this case an interface must be used to couple these  
techniques, and the detection system must be compatible with the separation process. 
Chromatography and capillary electrophoresis (CE) are usually used for the separation. 
The detector should be sensitive and selective enough. Selectivity is very useful in 
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speciation studies because it means that only the elemental species of interest are 
monitored, therefore simplifying the sample preparation.  
As is well known, all chromatographic techniques have a stationary phase and a 
mobile phase, and the analytes are separated on the basis of their different affinities for 
the two phases. The separation depends on partition, adsorption, ion exchange, or size 
exclusion. Mobile phases can be classified into 3 types: gas, liquid or supercritical 
fluids depending on the volatility and stabilities of the species to be separated. Gas 
chromatography (GC) is used for volatile and thermally stable samples, and can 
provide superior separation if capillary columns are used. High performance liquid 
chromatography (HPLC) is mostly used for separation of non-volatile compounds. 
Supercritical fluid chromatography (SFC) is especially useful for volatile and 
thermally degradable compounds. 
Electrophoresis is based on the migration of ions in an electric field, and CE 
utilizes narrow fused silica capillaries. The presence of silanol groups results in the 
negatively charged inner wall of capillary, which attracts positively charged ions to 
form a double layer. When an electric field is applied, the ions migrate to their 
respective electrodes with the migration of bulk solution to the cathode. The band 
broadening of CE is very little, and this allows rapid separations of ions. The technique 
can be applied to neutral molecules by adding surfactants to form micelles. 
 
1.5.4.1 Gas chromatography  
The advantages of GC are excellent separation and relatively easy combination of gas 
effluent to an element-specific detector without any sample loss. Besides the volatile 
compounds, a wide range of non-volatile compounds can be determined by this 
convenient technique after the derivatization to more volatile forms. Alkylation and 
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hydridization are widely used to form volatile metal forms. Atomic spectroscopic 
techniques and mass spectroscopic techniques have excellent selectivity and good 
sensitivity, and have been proved to be particularly useful for chromatographic 
detection.  
The hybrid system involving atomic absorption spectrometer (AAS) is one of the 
earliest systems reported. Microwave induced plasma (MIP) atomic emission 
spectrometer (AES) is also widely used in hybrid system coupled with GC for 
speciation. Another atomic spectrometric detector is inductively coupled plasma (ICP) 
AES. These hybrid techniques have been used for speciation of a wide range of 
elements in various samples. Salih [98] reported the speciation of Pb(II), (CH3)2PbCl2, 
(C2H5)2PbCl2, (CH3)3PbCl and (C2H5)3PbCl by GC-AAS. The organolead compounds 
should be derivatized by n-butyl Grignard reagent. The determination of 
dimethylmercury, methylmercury, and inorganic mercury has been performed on basis 
of the combination of derivatization, gas-phase extraction, preconcentration and GC-
AAS[99]. A method for simultaneous in situ derivatization of organotin and 
organolead compounds in water samples followed by GC-AAS analysis has been 
developed [100]. The identification and quantification of methylmercury in biological 
samples has been carried out by GC-MIP-AES with microwave assisted extraction and 
solid phase extraction [101]. A similar method has also been applied to the 
determination of methylmercury and butyltin compounds (MBT, DBT, TBT) in marine 
biota and sediments [102] or in water samples [103]. Pereiro presents a review about 
the value and limitations of GC-MIP-AES for the speciation of Hg, Sn and Pb 
compounds in environmental samples [104]. The hyphenation of solid-phase 
microextraction, GC and ICP-AES has been developed for the speciation of butyl- and 
phenyltin in sediment and waters [105]. 
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Chemical ionization, electron impact ionization and field ionization have been 
applied to obtain molecular fragmentation information in speciation studies involving 
GC-MS.  However, these systems usually display poor sensitivity. Tributytin and 
triphenyltin have recently been determined in seawater using GC negative ion 
chemical ionization MS [106]. Cardellicchio et al. [107] also used GC-MS to study the 
organotin compounds (MBT, DBT, and TBT) in marine sediments.  
In recent years plasma MS especially ICP-MS has become extensively used in 
speciation analysis. More recently, Ikonomou et al. [108] determined 9 organotin 
compounds (TeBT, TBT, DBT, MBT, TPhT, DPhT, MPhT, TCyT, and DCyT) in 
water, sediment and tissue using GC with high resolution ICP-MS. Isotope-dilution 
analysis in combination with GC-ICP-MS has been applied to the determination of 
butyltin species in environmental samples [109] and the determination of 
methylmercury in biological samples [110]. Some other researchers [111, 112] have 
used a similar method for measurement of lead species with thallium solution for mass 
bias correction. Online coupling of capillary GC with ICP-MS using high temperature 
interface was developed to investigate the triphenylarsine and triethylarsine in gas 
condensates [113]. Haas et al. [114] has reported the combination of capillary GC with 
ICP time-of-flight (TOF) MS for the measurement of volatile tin and antimony 
compounds.  
 
1.5.4.2 Liquid chromatography 
Due to the particular compatibility with non-/ semi-volatile and thermal unstable 
analytes, HPLC has been widely involved in the hyphenated techniques for speciation 
studies. For the separation of different types of samples, the natures of both the 
stationary and mobile phases can be varied.  
 15
ICP-AES is the most widely used method to combine with HPLC as the atomic 
spectroscopic detector. The combination of HPLC and ICP-AES has been applied to 
the determination of lead species [115] and chromium species [116] in environmental 
samples. With the increasing availability of ICP-MS, ICP-AES has gradually been 
taken over for the speciation studies. Compared with ICP-AES, other atomic 
spectroscopic detectors are seldom used to couple with HPLC. Weber et al. [117] has 
investigated the speciation of iron coordinated with phytosiderophores by an anion-
exchange chromatography and AAS. Two applications of HPLC-HG-AAS method are 
for arsenic speciation in fish tissue [118] and antimony speciation in biomonitoring 
[119].  
HPLC-ICP-MS has been extensively applied in speciation studies because of its 
excellent selectivity and sensitivity. Its high sensitivity means simple sample 
preparation and unnecessary preconcentration. Anion exchange column is the one 
mostly used in arsenic speciation with ICP-MS [120-123]. Cation exchange column 
[120, 121] and C18 RP column are also used [122] for arsenic speciation. Besides 
arsenic, selenium speciation has also been extensively studied with HPLC-ICP-MS 
[124, 125]. Mason et al. has studied the Cu turnover in proteins of the visceralcomplex 
of Littorina littorea by stable isotopic analysis using HPLC-ICP-MS [126].  
Non-elemental mass spectrometry has been increasingly used with HPLC for 
speciation studies. Tandem mass spectrometry (MS-MS) has attracted particular 
interest. It can give the fragmentation information of ions. Leon et al. [127] used 
HPLC-ESI-MS to characterize the unidentified selenium species in Brazil nut, which 
was proved to be of a peptide structure. Selenium speciation in Se accumulating plants 
has been performed with HPLC separation followed by ICP-MS/ESI-MS detection 
[128, 129]. Lindemann et al. have compared ESI and APCI interfaces for selenium 
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speciation by HPLC with MS-MS and found that ESI was more effective than APCI 
[130]. Arsenosugar in seaweed has been identified with HPLC-MS-MS [131].  
 
1.5.4.3 Capillary electrophoresis (CE) 
Among the various CE modes, capillary zone electrophoresis (CZE) and micellar 
electrokinetic capillary chromatography (MEKC) are mostly used. Most of the works 
of CE in speciation studies are concentrated on combination of CE with ICP-MS 
because of the latter’s high sensitivity. This method has been used for arsenic 
speciation in soil solution and soil water extracts [132], chromium speciation in water 
samples [133], and mercury speciation [134]. Atomic fluorescence spectrometry was 
also coupled to CE for arsenic speciation analysis [135], and the determination of 
selenium and antimony compounds [136]. In addition, Chen at al. [137] used UV 
detection after separation of vanadium (IV) and vanadium (V) by CE.  
 
1.5.5 ICP-MS 
ICP-MS is a mature analytical technique for the elemental chemical characterization of 
virtually any material following its evolution during the late 1990s. This technique has 
various advantages for the solution to chemical analysis problems in many application 
fields. These advantages include the ability to accurately identify and measure most of 
the elements in the periodic table. In addition, the multi-elemental analysis mode is its 
inherent capability. ICP-MS also has the powerful ability to measure individual 
isotopes of analyte elements. Another important usefulness is the ability to detect and 
measure concentrations of many analyte elements at or below the part per trillion (ppt) 
range. Other advantages include a large linear dynamic working range, high accuracy 
and precision of measurement, and minimal interferences. Moreover, through proper 
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sample preparation, ICP-MS could be good tool for sensitive speciation analyses of 
many environmentally important elements. 
 
1.5.5.1 History of ICP-MS 
The roots of ICP-MS date back to the mid-1960s with the appearance of a technique 
called inductively coupled plasma atomic emission spectrometry (ICP-AES). The 
works of Greenfield et al [138] introduced a new emission spectrometric technique 
that provided high sensitivity element analysis and multielement detection capability. 
This technique uses the atmospheric pressure argon ICP for sample atomization and 
efficient atomic excitation. The high temperature in plasma media provides exceptional 
atomization followed by highly efficient atomic excitation.  
Houk et al [139] demonstrated the advantages of using the ICP as an ionization 
source. They connected ICP with mass spectrometer and identified the ions produced 
in the plasma and measured their concentrations. They also found that the resulting 
spectrum was much simpler than that obtained in AES. The spectrum by this 
instrument reduced interelement interference, while providing higher quantitative 
sensitivity. It produced higher signal-to-background ratio, yielding much improved 
detection limits. 
The first commercial ICP-MS became available in a Canadian company called 
Sciex (now known as Perkin Elmer) in 1983. Since that time, many improvements and 
refinements have been made to each generation of ICP-MS instrumentation. Today, the 
most available ICP-MS instruments in the marketplace are made by Perkin Elmer, 




1.5.5.2 Principle of ICP-MS 
Most samples analyzed by ICP-MS are liquids. The solid samples can be analyzed 
using lasers or heated cells to vaporize the sample. Gas samples can be measured by 
direct introduction into the instrument. The most common sample introduction system 
in ICP-MS consists of a nebulizer and spray chamber. The nebulizer converts the 
liquid samples into very small droplets. These droplets are carried through the spray 
chamber and into the tube or injector in the center channel of the torch and then into 
the plasma. The plasma ionizes the elements in the droplets. These ions pass through 
the interface and the ion lens. After being focused by the ion lens, the ions are 
separated by their mass-to-charge ratio in the mass spectrometer and measured by the 
detector (usually electron multiplier). Once the detector measures the ions, the 
computerized data system converts the signals to concentrations of elements and 
generates the results report. 
 
Sample introduction  To perform the analysis of any type of material by ICP-
MS, it is necessary to convert the sample to a suitable form for introduction into the 
plasma. The nature of the sample introduction technique depends on the type and form 
of sample, the concentration levels, scope and chemical form of analytes, and quantity 
of available sample. Sample introduction systems are available for gas, liquid and solid 
samples. Prior to introduction, some preliminary form of sample preparation is 
required, such as dissolution, digestion, filtration, etc. 
For gas samples, the introduction utilizes the most straightforward approach. The 
direct introduction of gas sample can achieve higher sensitivity due to the nearly 100% 
transport efficiency of analytes. But the scope of the analysis is usually restricted to 
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hydride generation elements such as As, Bi, Ge, Pb, Sb, Se, Sn and Te, and the cold 
vapor of Hg.  
Both the liquid samples and the solutions of dissolved analytes are introduced to 
the plasma by a nebulizer. A nebulizer converts liquid samples to an aerosol consisting 
of finely divided droplets suspended in the plasma carrier gas. To improve the stability 
of plasma, the spray chamber is used to classify the droplets to narrow distribution 
before the aerosol is transported to plasma. The most common type of nebulizer is the 
pneumatic nebulizer. There are several different designs such as cross-flow nebulizer, 
concentric nebulizer, Babington type nebulizer, direct injection nebulizer. They all use 
the force of a flowing gas, passing through an orifice or capillary tube, to create micro-
droplets from the liquid sample. The ultrasonic nebulizer is also popular for use when 
enhanced sensitivity is required. 
Ablation processes are probably the most versatile means of solid sampling for 
ICP-MS application. Two typical methods are laser ablation and spark ablation. Solid 
sample in form of a finely ground powder can be transported to a conventional 
Babington type nebulizer as a suspension in a solvent, called a slurry. Direct insertion 
is also used for solid samples. 
 
Inductively coupled plasma (ICP)  ICP is formed by coupling energy 
produced by a radio frequency (RF) generator to the plasma support gas with an 
electromagnetic field. An oscillating field is formed when RF power (typically 
700~1500W) is applied through a load coil. The field oscillates at the frequency of the 
tuned RF generator. The plasma is initiated by the addition of a few seed electrons 
from the spark of a Tesla coil or a piezoelectric starter. Once the gas is ionized, it is 
 20
self sustaining as long as RF power is applied to the load coil. Figure 1.1 shows the 
cross section of a typical ICP. 
Generally, ICP is not in true thermodynamic equilibrium because the different 
processes occurring in the plasma are not in equilibrium. Therefore, the ICP can not be 
characterized by a single equilibrium temperature. The Saha equation can be used to 













2)(2 −= π        1-1 
where Ni, Na, and Ne are the number densities of ions, atoms, and free electrons 
respectively; m is the electron mass; Za and Zi are partition functions; Ei means the 
ionization potential; and T is the temperature. Because the average ionization energy of 
the ICP is dominated by the fist ionization potential of argon (15.76 eV) and most 
elements have a first ionization potential below 16 eV, the plasma will efficiently 
produce singly charged ions for essentially all elements.  
 
Fig. 1.1 Plasma with torch assembly and load coil 
 
Interface and lens system  The interface allows the plasma and the ion lens 
system to coexist and the ions to pass into the ion lens. The interface consists of two 
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inverted funnel like devices called cones. The sampling cone is located next to the 
plasma and the skimmer cone is located several millimeters behind the sampling cone. 
Each cone has an opening of approximately one millimeter in diameter at the apex that 
permits the ions to pass through. The cones are typically made of nickel or platinum. 
The region between the two cones is evacuated to a pressure of a few Torr by a 
mechanical pump. The orifices must be large enough to prevent unvaporized materials 
from clogging them, and small enough to maintain a consistent vacuum on the other 
side of the interface.  
The ion lens is positioned immediately behind the interface. Its responsibility is to 
focus the ions into the mass spectrometer. Because the ions generated in the plasma are 
nearly all positively charged, they repel each other. In order to get as many ions as 
possible into the mass spectrometer, it is necessary to keep the ion beam from 
diverging. This is achieved by passing the ions through a charged metallic cylinder that 
acts as a focusing lens. The focusing of ions in a mass spectrometer is similar to 
focusing light in an optical spectrometer.  
 
Mass spectrometer  The ions produced by the ICP are measured by the mass 
spectrometer. The mass spectrometer is a mass filter to isolate a specific mass-to-
charge (m/z) ion from the multi-ion beam. After the separation, the individual ion 
beams are sequentially or simultaneously directed to the detector. Three main types of 
mass spectrometers are used in commercial ICP-MS systems: quadrupole, magnetic 
sector, and time of flight.  
The quadrupole mass spectrometer consists of four cylindrical rods. Both RF and 
direct current (DC) are applied to the pair of rods. The mass separation is created by 
connecting the two pairs of rods in such a way that the X plane acts as a low mass filter 
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and the Y plane acts as a high mass filter. The quadrupole ICP-MS is able to scan the 
mass spectrum from 3-250 very quickly. Because of no magnetic fields in quadrupole 
ICP-MS, it is capable of moving from mass to mass with a superb degree of precision. 
The other advantages are simple instrument, low cost, high sensitivity, good reliability, 
and cold plasma capability. The disadvantages are its inability to easily resolve target 
isotope from polyatomic interferences and high background noise.  
Magnetic sector mass spectrometer is usually used for high-resolution (HR) mass 
analyzer. It is known as a double focusing system because it is able to focus both 
energy and mass/charge. A typical commercial HR-ICP-MS is able to operate at a 
resolution of 10,000 or more. This is enough to fully resolve most isotopes from the 
polyatomic interference. The high sensitivity and low noise are also its merits. While 
its disadvantages are slow analysis speed, mass drift, complex instrument and big size, 
and high cost. 
The time of flight (TOF) mass spectrometer discriminates the m/z by the ion flight 
time in the drift tube. The lighter the ion is, the faster the ion reaches the detector. The 
significant advantage is the ability to monitor the all m/z ions simultaneously.  
 
Detector  The measurement of the m/z of ion allows the qualitative identification 
of the isotope or molecule, and the magnitude of the ion current is used to provide the 
quantitation of the analyte in sample. The multiplier type detector is the most universal 
sensitive detector for ICP-MS. Three main detectors are continuous dynode electron 





1.6 Objectives of the study 
Arsenic, antimony, selenium and tellurium are close to each other in the element 
periodic table. Arsenic, antimony and tellurium are normally regarded as harmful to 
humans and other organisms. Selenium is a nutritious element at low concentration, 
but it is toxic at high concentration. Their bio-geochemistry behavior, nutritional 
bioavailability and toxicity are largely dependent on their chemical species present. 
Their speciation studies have received extensive attention in recent years. Water bodies 
are important parts in the ecological system. Because of the discharges from industrial 
process such as metallurgical process, glass manufacturing and petroleum refining, 
some water bodies have been contaminated by As, Sb, Se and Te. These 
contaminations pose severe ecotoxicological threats to aquatic wildlife and humans.  
Solid-phase extraction (SPE) is one of the various techniques available to bridge 
the gap existing between sample collection and analysis step. It is often used with other 
sample preparation steps such as dilution or pH adjustment. However the action of 
performing SPE often simultaneously completes several other preparation goals. SPE 
can provide analyte concentration, interfering compounds clean-up, and sample matrix 
removal. Compared with Flame AAS, GFAAS, ICP-AES, ICP-MS has high sensitivity 
and strong ability for the number of analyses. This means unnecessary tedious sample 
preconcentration and other sample preparation. Thus, it gives ICP-MS more potential 
in speciation studies.  
The objectives of this study are as following: 
(1) To investigate the feasibility of SPE cartridges for separation of arsenite, 
arsenate, MMA, DMA, AsB, AsC, TMAO and TMAI followed by ICP-MS 
detection, and then set up a simple and sensitive method to be used for routine 
arsenic speciation analysis of water.  
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(2) To investigate the uses of SPE cartridges for selective retention of Sb(III) and 
Sb(V) and their complexes with APDC followed by highly sensitive ICP-MS 
detection, and then develop a sensitive and simple method used for routine 
analysis of antimony species in water.  
(3) To develop a simple and highly sensitive method that can be used for routine 
analysis of inorganic tellurium species in water on the basis of selective 
retention of Te(IV) and Te(VI) and their complexes with APDC followed by 
highly sensitive ICP-MS detection of the specific Te species remaining in the 
solution. 
(4) To develop a new method for simultaneous separation and determination of 
inorganic tellurium and selenium species in aqueous samples by uses of non-
polar silica-based C18 sorbent-containing SPE cartridges for selective retention 
of APDC complexed Se(IV) and Te(VI) followed by highly sensitive ICP-MS 








An Agilent 7500a inductively coupled plasma mass spectrometer (Yokogawa, Japan) 
was used throughout this study. The schematic diagram of ICP-MS is shown in Fig. 
2.1. This ICP-MS is a full-featured high performance benchtop instrument for the 
routine metal analysis in various sample types. Its advanced design and extensive 
testing provide the extremely rugged capability in generating high quality data even in 
a non-ideal laboratory environment. 
With an industry standard 27.12 MHz RF generator and 4 independent computer-
controlled mass flow controllers for plasma gases, the Agilent 7500a offers a high 
level of sample introduction flexibility. Additionally, the computer-controlled torch 
position in 3 axes and comprehensive auto tunings make sure the consistent system set-
up regardless of operator expertise. Because of its ability to deliver the lowest level of 
matrix based polyatomic interferences of any commercial ICP-MS system, the Agilent 
7500 series of ICP-MS ensures data quality even for the complex matrix samples 
frequently encountered in environmental, geological and clinical analysis. The Agilent 
7500 Series also provides nine orders of linear dynamic range and a true simultaneous 
dual mode detector with a new, high-speed log amplifier. Its unique amplifier design 
allows the system to acquire data at the same high speed whether in pulse mode or 
extended dynamic range. The new detector and the open architecture sample 
introduction area of Agilent 7500a make it the ultimate tool for time resolved 





Fig. 2.1 Schematic diagram of Agilent 7500a ICP-MS. 
 
Some features of Agilent 7500a ICP-MS are as the following:  
1) Compact, benchtop design; durable, stainless steel chassis 
2) Open architecture sample introduction area for ease of use 
3) Peltier cooled sample introduction system; shield torch system 
4) 4 computer-controlled mass flow controllers for optimum stability 
5) Precision, computer controlled torch alignment for consistent performance 
6) Robust 27.12 MHz solid state RF generator 
7) Innovative interface design featuring dual extraction lenses 
8) Omega II off axis lens system; true hyperbolic quadrupole cross section rods 
9) Digital synthesized 3MHz, high frequency RF generator 
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10) A 2 – 260 amu of mass range 
11) Minimum dwell time: 100 µs for pulse count, 100  µs for analog 
12) Simultaneous Dual Mode detector with an exclusive high speed amplifier 
providing 9 orders of linear dynamic range 
13) Comprehensive range of accessories 
14) Sensitivity: Li(7)≥8Mcps/ppm, Y(89)≥20Mcps/ppm, Tl(205)≥12 Mcps/ppm 
15) Background (5amu)≤ 5cps, Oxide (CeO+ )≤1.0 %, Doubly Charged (Ce2+ ) 
≤3.0% 
16) Abundance Sensitivity: Low Mass≤1 x 10-6, High Mass≤5 x 10-7 
17) Detection Limit (3sigma, 3sec integration): Be(9)≤2ppt, In(115)≤1ppt, Bi(209)≤1 
ppt 
18) Short Term Stability (RSD)≤3% (20 min), Long Term Stability (RSD) ≤4% (2 
hrs) 
In this study, the operational conditions for arsenic, antimony, tellurium speciation 
analyses and simultaneous speciation analysis of selenium and tellurium are 
summarized in Table 2.1, Table 2.2, Table 2.3 and Table 2.4, respectively, unless 
otherwise stated. The signals at m/z 75, 82, 121, 128 were measured correspondingly 
for 75As, 82Se, 121Sb and 128Te with the software Agilent ChemStation for ICP-MS. A 
Cetac ASX-100 autosampler (Cetac Technologies, NE, USA) was used to introduce 
sample to the concentric neublizer of ICP-MS. For tuning of the ICP-MS, a standard 
solution of 10 µg L-1 of Li, Y, Ce and Tl was firstly monitored at m/z 89 and 140; the 
ion intensity was optimized; the ratios of masses 156CeO+/140Ce+ and 70Ce2+/140Ce+ 
maintained; then the oxide ions and doubly charged ions minimized. Finally, the 
resolution and mass axis were optimized through monitoring m/z 7Li, 89Y and 205Tl.  
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2.1.2 Separation system 
The basic steps of solid phase extraction (SPE) are similar to the practice of 
liquid/liquid extraction. The entire SPE process is represented in Fig. 2.2. The first step 
is retention of the desired species. The compound distributes between the liquid sample 
matrix and the solid absorbent surface. The retention is the process whereby the 
analyte(s) is/are completely adsorbed on the solid surface by passing a liquid sample 
through a sorbent bed. The next step is rinsing. During this step, the undesirable 
species are removed or rinsed out to minimize the interferences. Elution is the third 
step. A liquid, which can provide a more desirable environment for the analyte(s) than 
the solid phase, is used to desorb the species of interest. It should be noted that the SPE 
steps can be adjusted according to the practical requirements. 
 
Fig.2.2 Three steps of the solid-phase extraction of a compound (●).  
 
A VacMaster-10 sample processing station (Supelco, PA, USA, shown in Fig. 2.3) 
with adjustable liquid speed was used to push sample and eluent flow through the 
cartridges. Silica-based SPE cartridges containing different types of sorbent materials, 
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i.e. C8, C18, cyanopropyl (CN), 2,3-dihydroxypropoxypropyl (DIOL), quaternary 
amine (SAX), C8 and –NR3+ (HAX), primary secondary amine (PSA), aminopropyl 
(NH2), ethylbenzene sulphonic acid (SCX-3), propylcarboxylic acid (CBA), and C18, 
-SO3- and –NR3+ (M-M), were all obtained from International Sorbent Technology 
(Mid Glamorgan, UK). Cartridges were preconditioned with methanol and deionized 
water before use. 
 
 
Fig.2.3 The picture of VacMaster-10. 
 
2.1.3 pH meter 
A Corning 450 pH/ion meter (Corning, NY, USA) with a combined glass/silver, silver 
chloride electrode was used to measure the pH of solutions.  
 
2.2 Reagents and materials  
All chemicals were analytical reagent grade unless otherwise stated. Deionized water 
with a specific resistance of 18.2 MΩ cm or greater was obtained from a Milli-Q water 
purification system (Millipore, Bedford, MA, USA) and used for all solutions 
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preparations and dilutions unless otherwise mentioned. Standard stock solutions of 
various As species (500 mg L-1, as As) were prepared by dissolving appropriate 
amounts of the respective compound in water from sodium arsenite (99.0%, Fluka, 
Buchs, Switzerland), sodium arsenate 7 hydrate (99.0%, J. T. Baker, NJ, USA), 
sodium monomethylarsonate (99.0%, Supelco), dimethylarsinic acid (99%, Fluka), 
trimethylarsineoxide (98%, Tri Chemical Lab, Japan), tetramethylarsoniumiodide 
(98%, Tri Chemical Lab), arsenobetaine (98%, Tri Chemical Lab) and arsenocholine 
bromide (98%, Tri Chemical Lab). Standard stock solutions of Sb(III) and Sb(V) (500 
mg L-1, as Sb) were prepared by dissolving appropriate amounts of potassium 
antimony(III) oxide tartrate hemihydrate (≥99.0%, Merck, Darmstadt, Germany) and  
potassium hexahydroxy antimonite (V) (guarantee reagent grade, Merck) in water. 
Standard stock solutions of Te(IV) and Te(VI) (1000 mg L-1, as Te) were prepared by 
dissolving appropriate amounts of sodium tellurite (Aldrich, WI, USA) and sodium 
tellurate dihydrate (Aldrich) in water. Standard stock solutions of Se(IV) and Se(VI) 
(1000 mg L-1, as Se) were prepared by dissolving appropriate amounts of sodium 
selenite (Aldrich) and sodium selenate decahydrate (Aldrich) in water. The stock 
solutions were stored in refrigerator at 4°C. Working solutions were freshly prepared 
daily by further dilution from these stock solutions to the ranges expected. An APDC 
solution of 1.0 % (w/v) was prepared by dissolving appropriate amount of APDC 
(≥98%, Fluka, Buchs, Switzerland) in water. The APDC solution was prepared daily. 
All other reagent solutions were prepared by dissolving appropriate amounts of the 
respective chemicals in water. Ultra pure nitric acid (Ultrex II, J. T. Baker) and 
ammonia solution (Merck) were used for the adjustments of pH. The elution solutions 
for arsenic speciation were prepared from acetic acid (BDH, Poole, England), 
methanol (Merck) and nitric acid. 
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All labware (bottles, volumetric flasks, etc.) used in this study were made of 
polypropylene, fluoropolymer (FEP, PTFE) or low-density polyethylene (LDPE) 
(Nalgene, Rochester, USA), and after being thoroughly washed with detergent and 
water, were soaked in 20% (v/v) nitric acid and rinsed with deionized water before use.   
 
2.3 Procedures 
All the experiments were carried out at ambient temperature of 24 ± 2 °C. Samples 
were filtered through 0.45 µm Nylon membrane disc filters (Whatman, MI, USA) prior 
to testing. 
 
2.3.1 Procedure for arsenic speciation analysis 
For measurement of arsenic species retention on cartridges, 10 ml of 2.0 µg L-1 
standard solution or water sample was allowed to flow through the cartridge at a flow 
rate of 1.0 mL min-1 at first. The flow rate was adjusted through the adapter of 
VacMaster-10 sample processing station. The effluent was collected in a vial for 
subsequent ICP-MS determination. The concentration of arsenic species retained on 
the cartridge can be obtained from the difference between the concentration of original 
solution and that of the effluent solution. 
Elution of arsenic species from cartridges was performed after the sample was 
passed through cartridges. The cartridge retaining arsenic species was eluted with 1.5 
mL of eluent. Another 1.5 mL of the eluent was allowed to flow through the cartridges 
for a second time for a complete elution. The eluents were collected in a vial and 
determined for their arsenic content with ICP-MS. In order to eliminate variations in 
the signal intensities due to different matrix media, standard solutions for calibration 
were prepared in the corresponding eluents. 
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For speciation analysis, different arsenic species were separated on the basis of 
their selective retention on and elution from specific cartridges. Arsenic species in the 
effluents and those eluted from the cartridges were subsequently analyzed by ICP-MS 
detection. 
 
2.3.2 Procedure for antimony speciation analysis 
For determination of Sb(V) in water, 20 ml of the filtered water sample and 1.0 ml 
1.0% APDC solution were added into 50 ml snap cap vial. The vial was then shaken 
for 3 min and kept for about 10 min at room temperature to allow the completion of 
Sb(III) and APDC complexation. Thereafter, 10.0 ml of the solution was allowed to 
flow through the pretreated cartridges at a flow rate of 1.0 mL min-1. The flow rate was 
adjusted as mentioned above. The effluent from the cartridge was collected in a vial for 
subsequent ICP-MS mesurement. 
For determination of total antimony, a portion of the filtered water sample was 
directly introduced into the ICP-MS through Cetac ASX-100 autosampler. The 
concentration of Sb(III) was then calculated as a difference between total antimony 
and antimony (V) concentrations. 
 
2.3.3 Procedure for tellurium speciation analysis 
For determination of Te(VI) in water, 20 ml of the filtered water sample, 0.40 ml 
concentrated nitric acid and 1.0 ml 1.0% APDC solution were added into 50 ml snap 
cap vial. The vial was then shaken for 3 min and kept for about 10 min at room 
temperature to allow the completion of Te(IV) and APDC complexation. Thereafter, 
10.0 ml of the solution was allowed to flow through the pretreated cartridges at a flow 
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rate of 1.0 mL min-1. The effluent from the cartridge was collected in a vial for 
subsequent ICP-MS determination. 
For determination of total tellurium, a portion of the filtered water sample was 
acidified to 2% (v/v) HNO3, and then directly introduced into the ICP-MS through the 
Cetac ASX-100 autosampler. The concentration of Te(IV) was then calculated as the 
difference between total tellurium and Te(VI) concentrations. 
 
2.3.4 Procedure for simultaneous speciation analyses of inorganic selenium and 
tellurium  
For measurement of species retention on cartridges, 10 ml of 5.0 µg L-1 standard 
solution or water sample in the presence or absence of APDC was allowed to flow 
through the cartridge at a flow rate of 1.0 mL min-1 at first. The flow rate was adjusted 
through the adapter of VacMaster-10 sample processing station. The effluent was 
collected in a vial for subsequent ICP-MS determination. The concentration of species 
retained on the cartridge can be obtained from the difference between the concentration 
of original solution and that of the effluent solution. 
 For determination of total selenium and tellurium, a portion of the filtered water 
sample was acidified to 2% (v/v) HNO3, and then directly introduced into the ICP-MS 
through the Cetac ASX-100 autosampler.  
For determination of Se(VI) and Te(VI) in water, 20 ml of the filtered water 
sample, 0.40 ml concentrated nitric acid and 1.0 ml 1.0% APDC solution were added 
into 50 ml snap cap vial. The vial was then shaken for 3 min and kept for about 10 min 
at room temperature to allow the completion of Se(IV) and Te(IV) and APDC 
complexation. Thereafter, 10.0 ml of the solution was allowed to flow through the 
pretreated cartridges at a flow rate of 1.0 mL min-1. The flow rate was adjusted through 
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the adapter of VacMaster-10 sample processing station. The effluent from the cartridge 
was collected in a vial for subsequent ICP-MS determination. 
The concentration of Se(IV) and Te(IV) was then calculated as the respective 
differences between total selenium and Se(VI), and total tellurium and Te(VI) 
concentrations. 
 
Table 2.1 ICP-MS operational conditions for arsenic speciation analysis  
Parameter Optimized condition 
RF power 1420 W 
Plasma gas flow Ar 15 L min-1 
Auxiliary gas flow Ar 0.90 L min-1 
Carrier gas flow Ar 1.29 L min-1 
Make-up gas flow Ar 0.00 L min-1 
Sample depth 6.6 mm 
Torch Standard quartz, 2.5 mm 
Nebulizer Quartz concentric 
Spray chamber Double pass quartz Scott type, 2 °C 
Sample cone Nickel 
Skimmer cone Nickel 
Detector mode Pulse 
Monitoring mass m/z 75 
Integration time/mass 0.5 s 




Table 2.2 ICP-MS operational conditions for antimony speciation analysis 
Parameter Optimized condition 
RF power 1300 W 
Plasma gas flow Ar 15 L min-1 
Auxiliary gas flow Ar 0.90 L min-1 
Carrier gas flow Ar 1.33 L min-1 
Make-up gas flow Ar 0.00 L min-1 
Sample depth 6.6 mm 
Torch Standard quartz, 2.5 mm 
Nebulizer Quartz concentric 
Spray chamber Double pass quartz Scott type, 2 °C 
Sample cone Nickel 
Skimmer cone Nickel 
Detector mode Pulse 
Monitoring mass m/z 121 
Integration time/mass 0.5 s 
Number of scan 3 
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Table 2.3 ICP-MS operating conditions for tellurium speciation analysis 
Parameter Optimized condition 
RF power 1350 W 
Carrier gas flow Ar 1.28 L min-1 
Make-up gas flow Ar 0.00 L min-1 
Plasma gas flow Ar 15 L min-1 
Auxiliary gas flow Ar 0.9 L min-1 
Sampling depth 6.8 mm 
Torch Standard quartz, 2.5 mm 
Nebulizer Quartz concentric 
Spray Chamber Double pass quartz Scott type, 2 °C 
Sample cone Nickel 
Skimmer cone Nickel 
Detector mode Pulse 
Monitored isotope m/z 128  
Integration time 0.5 s 
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Table 2.4  ICP-MS operating conditions for simultaneous speciation of selenium 
and tellurium analysis 
Parameter Optimized condition 
RF power 1350 W 
Carrier gas flow Ar 1.20 L min-1 
Make-up gas flow Ar 0.00 L min-1 
Plasma gas flow Ar 15 L min-1 
Auxiliary gas flow Ar 0.9 L min-1 
Sampling depth 6.9 mm 
Torch Standard quartz, 2.5 mm 
Nebulizer Quartz concentric 
Spray Chamber Double pass quartz Scott type, 2 °C 
Sample cone Nickel 
Skimmer cone Nickel 
Detector mode Pulse 
Monitored isotope m/z 82 (for Se), 128 (for Te) 







Chapter 3 Arsenic speciation analysis 
 
3.1 Introduction 
Due to anthropogenic contamination speciation analysis of arsenic is of particular 
interest [140, 141]. Arsenite is the most toxic form of the water-soluble species while 
arsenate is also relatively toxic. The methylated forms, monomethylarsonic acid 
(MMA) and dimethylarsinic acid (DMA) are much less toxic. More complex forms 
such as arsenobetaine (AsB), arsenocholine (AsC) are considered non-toxic [140, 141]. 
To date a variety of techniques have been reported for the speciation analysis of 
arsenic [142-159]. The most promising approaches seem to be ion chromatography (IC) 
and HPLC coupled with sensitive detection, such as ICP-MS [142-149], atomic 
spectrometry with a hydride generation interface [150-152], and 
electrospray/nanospray mass spectrometry [153-157]. Besides IC and HPLC, CE has 
also been demonstrated to be a powerful separation technique for arsenic and 
successfully directly coupled to electrospray ionization mass spectrometry (ESI-MS) 
for arsenic speciation analysis [158, 159]. However, as a consequence of the need to 
interface chromatographic methods with element-selective detectors, many new 
concerns arise relating to interface techniques and designs, problems relevant to 
lengthy separation and data collection periods, techniques for the evaluation of 
chromatographic/transient data, etc. for these hyphenated techniques. 
SPE has been developed as a convenient, inexpensive and time-saving alternative 
to other extraction techniques and widely used for the separation and concentration of 
analytes and the clean-up and removal of organic contaminants from solutions in the 
organic analytical field [160, 161]. Recently, SPE techniques have been applied to 
trace element speciation study [162-165]. Yalcin and Chris Le used both anion 
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exchange and reverse phase SPE cartridges as low pressure chromatographic columns 
for separation of arsenite and arsenate and then hydride generation atomic absorption 
spectrometry (HGAAS) and hydride generation atomic fluorescence spectrometry 
(HGAFS) for detection of arsenic [163]. Speciation analysis of inorganic As(III) and 
As(V) was achieved with detection limits of 0.2 and 0.4 µg L-1, respectively. The same 
group also investigated various SPE cartridges for speciation analysis of arsenite, 
arsenate, MMA and DMA on the basis of their selective retention on and elution from 
specific cartridges [164]. Arsenic species remained in solution and those eluted with 
eluents from the cartridges were subsequently determined by using flow injection (FI) 
with HGAFS and HGAAS. A detection limit of 0.05 µg L-1 arsenic in water sample 
was achieved using HGAFS. Gomez et al. [165] used anion-exchange cartridges for 
preconcentration of As(III), As(V), MMA and DMA followed by HPLC or FI with 
HGAAS detection. Detection limits of 0.1-0.6 µg L-1 were achieved depending on the 
arsenic species studied. It should be noted that a prior chemical conversion to hydride-
generated arsenic compounds was essential for the determinations of organoarsenic 
compounds including AsB, AsC, tetramethylarsoniumiodide (TMAI). 
The objective of this work is to investigate the feasibility of SPE cartridges for 
separation of arsenite, arsenate, MMA, DMA, AsB, AsC, TMAO and TMAI followed 
by ICP-MS detection. This method is simple and sensitive and can be used for routine 
arsenic speciation analysis of water. The cartridges are potentially specific for selective 
retention and elution of arsenic species. Different arsenic species were separated on the 
basis of their selective retention on and elution from specific cartridges. Arsenic 
species in solution and those selectively eluted from the cartridges were subsequently 
determined by using ICP-MS. A detection limit of 8 ng L-1 arsenic in water sample 
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was obtained. This method was applied to arsenic speciation analysis of various 
sources of water samples. 
 
3.2 Results and discussion  
3.2.1 Optimization of ICP-MS operating parameters 
All the instrumental parameters such as forward power, torch position, plasma, 
auxiliary and carrier gas flows were optimized for the best net ion signal of arsenic to 
noise ratio (S/N). During the optimization of the ICP-MS operating parameters only 
one parameter was changed and the others were maintained constant as shown as in 
Table 2.1. Preliminary results indicated that the RF power and carrier gas flow were 
the main parameters affecting signal intensities and S/N ratio. Net ion signals at m/z 75 
of various arsenic species at 5.0 µg L- as As and blank as a function of the RF power is 
shown in Fig. 3.1. It can be observed that the net As ion intensities of all the arsenic 
species increased with increase in RF power. When the RF power was greater than 
1420 W the increment of net As ion intensities became smaller and smaller. The ion 
intensity of blank at m/z 75 also increased with increase of RF power. However, the 
increment of blank ion intensity was essentially not significant in the RF power range 
of 1260-1540 W investigated. Carrier (nebulizer) gas flow rate showed a significant 
effect on the ion intensities of various arsenic species and blank at m/z 75. However, 
such an effect would be influenced by the RF power applied [166]. Net ion signal at 
m/z 75 of various arsenic species at 5.0 µg L-1 as As and blank as a function of the 
carrier gas flow rate is shown in Fig. 3.2. The net As ion intensities increased with the 
carrier gas flow rate and reached a maximum value at 1.29 L min-1, and then gradually 
decreased. The maximum net intensities appearing in Fig. 3.2 increased with 
increasing RF power (see Fig. 3.1) and shifted towards higher carrier gas flow rates 
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[166]. When higher RF power is applied, the zone with maximum As+ density is 
situated closer to the load coil because shorter residence time in the plasma is required 
to achieve efficient ionization. As a result, a higher carrier gas flow rate is required to 
shift the zone of the highest As+ density towards the tip of sampling cone. The 
maximum S/N ratio at m/z 75 was also achieved at carrier gas flow rate of 1.29 L min-1 
when a RF power of 1420 W was applied. Therefore, a carrier gas flow rate of 1.29 L 
min-1 and a RF power of 1420 W were selected for the subsequent experiments. As can 
be seen from Fig. 3.1 and Fig. 3.2, the magnitudes of effects of RF power and carrier 
gas flow rate on the net As+ signal were found to be indifferent to all the 8 arsenic 
species studied. 
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Fig.  3.1 Effect of RF power on net As ion signal for different arsenic species 
(5.0 µg L-1 as As). Carrier gas flow = 1.29 L min-1. 
 
Auxiliary and plasma gas flow rates were also optimized at the RF power of 1420 
W and carrier gas flow rate of 1.29 L min-1 so as to achieve the best S/N ratio of the As 
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ion intensity. The optimal values of auxiliary and plasma gas flow rates were 0.91 L 
min-1 and 15 L min-1, respectively. With the aim to minimize the effect of sample 
matrix on the net arsenic ion intensity and to obtain the best S/N ratio for arsenic and 
minimize the ratios of 156CeO+/140Ce+ and 70Ce2+/140Ce+, tunings of other operating 
parameters such as ion lenses and sampling depth were done as described in the 
Experimental Section. 
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Fig.  3.2 Effect of carrier gas on net As ion signal for different arsenic species 
(5.0 µg L-1 as As). RF power = 1420 W. 
 
After optimization of the ICP-MS operating parameters, non-spectral interferences 
were also examined. Non-spectral interferences are usually defined as matrix-induced 
signal variations (both suppression and enhancement) and are therefore often referred 
to as matrix effects [167-174]. Effects of different matrices on the net As ion 
intensities at m/z 75 of various arsenic species at 5.0 µg L-1 as As and blank were 
studied. The matrices investigated would be the potential eluents for the selective 
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elution of various arsenic species from the SPE cartridges. It can be seen from Fig. 3.3 
that the addition of nitric acid caused signal suppression of all the arsenic species 
studied. Meanwhile, the net As ion signal at m/z 75 of various arsenic species 
decreased with increase of nitric acid concentration up to 0.5 mol L-1. The magnitude 
of suppression was found to be indifferent to all the 8 arsenic species examined. Such a 
suppression of net As ion signal at m/z 75 could be attributed to one or more of the 
following different phenomena [167-171]: (i) a decrease in the uptake rate as a result 
of increased viscosity; (ii) a change in the primary and tertiary aerosol drop size 
distribution; (iii) a reduction in the aerosol transport efficiency due to a change in the 
aerosol density; (iv) an aerosol ionic redistribution in the spray chamber; (v) a change 
in the ICP ionization conditions; and (vi) a change of the spatial ionic distribution in 
the plasma region where the ions were extracted; etc. It should be noted that the acid 
effect on the net As ion signal was strongly dependent on the instrumental operating 
conditions employed [167-171]. As the nitric acid concentration increased, slight 
increase of the blank at m/z 75 was observed. Organic matrices (e.g. methanol and 
acetic acid) however caused As+ signal enhancement. The net As ion signal at m/z 75 
of the various arsenic species at 5.0 µg L-1 (as As) increased with increase of methanol 
concentration up to 5.0% (Fig. 3.4). Similar signal enhancement behavior was also 
observed with increasing acetic acid concentration (Fig. 3.5). The extent of organic 
matrix-induced signal enhancement was found to be indifferent to all the 8 arsenic 
species examined. Signal enhancement caused by organic solvents for arsenic would 
be assigned not only one or more of the inorganic acid-induced different phenomena 
described above [167-171]. A mechanism of the carbon-mediated signal enhancement 
effect could also be suggested whereby a charge transfer reaction from a large 
population of ionized carbon or carbon-containing polyatomic species in the plasma 
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occurred such that the degree of ionization of the incompletely ionized arsenic 
increased [172-174]. Similar to the inorganic acid effect, the organic solvent effect was 
also dependent on the operating conditions employed [170-174]. 
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Fig.  3.3 Effect of HNO3 matrix on net As ion signal for different arsenic species 
(5.0 µg L-1 as As). 
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Fig.  3.4 Effect MeOH matrix on net As ion signal for different arsenic species 
(5.0 µg L-1 as As). 
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Fig.  3.5 Effect of HAc matrix on net As ion signal for different arsenic species 
(5.0 µg L-1 as As). 
 
On the basis of the results presented above, matrix matching between the 
calibration standard and the samples would be essential for accurate quantification of 
arsenic. Therefore, corresponding eluents should be used for the standard preparation 
when elution behaviors of various arsenic species were studied on the SPE cartridges. 
 
3.2.2 Retention of arsenic species on solid phase extraction cartridges 
The polarity of the organic and inorganic arsenic compounds makes them amenable to 
ion exchange and polar SPE cartridges. Many arsenic compounds are acids with 
negative and positive charges on the species. Some characteristics of arsenic species 
are summarized in Table 3.1. Their interactions with anion/cation-exchange sorbent 
materials are therefore affected by the solution pH. A variety of silica-based cartridges 
containing different types of funtional groups, such as C8, C18, cyanopropyl (CN), 
2,3-dihydroxypropoxypropyl (DIOL), quaternary amine (SAX), C8 and –NR3+ (HAX), 
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primary secondary amine (PSA), aminopropyl (NH2), ethylbenzene sulphonic acid 
(SCX-3), propylcarboxylic acid (CBA), or M-M including C18, -SO3- and –NR3+, were 
examined for quantitative retention of various arsenic species at pH 5.6. The retention 
efficiency on the SPE cartridges would be governed by the dissimilar pKa values and 
different ionic characters of the arsenic compounds (Table 3.1) and their hydrophobic 
interaction with the sorbent materials on the SPE cartridges. For the determination of 
retention of various arsenic species on the cartridges, 10 mL of standard solutions 
containing 2.0 µg L-1 (as As) each of different arsenic species were loaded onto each 
cartridge at 1 mL min-1 flow rate. The concentration of arsenic measured in the 
cartridge effluent compared with that in the initial standard solution represents the 
unretained portion of the arsenic species investigated. The differences in arsenic 
concentrations in the solutions before and after passing through the cartridge provide 
information about the amount of the tested arsenic species retained on the cartridge. 
For all the cartridges examined, some were able to completely retain one or more 
specific arsenic species, while others gave none or partial retention of each arsenic 
species. Table 3.2 summarized the retention percentages of various arsenic species on 
several silica-based SPE cartridges containing various types of sorbents as described 
above. The results shown in Table 3.2 are the mean ± standard deviation (s) from 
triplicate analyses. As shown in Table 3.2, As(V) was quantitatively retained on the 
SAX, HAX, PSA, NH2 and M-M cartridges. DMA was only completely retained on 
the SCX-3 cartridge. MMA was quantitatively retained on the SAX, HAX and M-M 
cartridges. AsB was completely retained on both SCX-3 and M-M cartridges, and AsC 
was fully retained on the CN, PSA, NH2, SCX-3, CBA, CN and M-M cartridges. 
Quantitative retention of TMAI was observed on the CN, SCX-3, CBA, CN and M-M 
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cartridges. NH2, SCX-3, CBA and M-M cartridges were able to completely retain 
TMAO. 
 
Table 3.1 Structure and pKa of arsenic species [142, 156-159] 
Arsenic species Formula pKa Structure 




















































Table 3.2 Percentage of arsenic species retained on various SPE cartridges 
Cartridge type As (III) As (V) DMA MMA AsB AsC TMAI TMAO
C18 0 0 0 0 0 56±6 38±3 80±4 
C8 0 0 0 0 0 73±5 48±4 77±5 
DIOL 0 6±3 0 18±4 0 12±4 21±6 41±7 
SAX 0 100±3 41±5 100±2 6.5±3 0 0 0 
HAX 0 100±5 46±5 100±6 0 0 0 0 
PSA 48±7 100±6 19±4 72±8 18±5 100±5 0 11±4 
NH2 23±5 100±4 0 28±2 23±6 100±3 0 100±3 
SCX-3 0 0 100±3 0 100±4 95±4 100±4 100±6 
CBA 0 0 0 14±5 17±6 100±3 96±3 100±5 
CN 0 0 0 24±7 34±5 100±3 94±3 21±8 
M-M 0 94±4 38±7 93±5 100±4 100±2 100±6 100±3 
C18: 0.5 g, non-polar sorbent, end-capped. C8: 0.5 g, non-polar sorbent, end-capped. 
DIOL: 0.5 g, non-polar and polar sorbent, non-end-capped. SAX: 2 g, strong anion 
exchange sorbent, non-end-capped. HAX: 0.2 g, non-polar and strong anion exchange 
sorbent. PSA: 2 g, polar and weak anion exchange sorbent, non-end-capped. NH2: 2 g, 
polar and weak anion exchange sorbent, non-end-capped. SCX-3: 0.5 g, strong cation 
exchange and strong non-polar sorbent, non-end-capped. CBA: 2 g, weak cation 
exchange sorbent, non-end-capped. CN: 2 g, polar, non-polar and cation exchange 
sorbent, non-end-capped. M-M: 0.3 g, non-polar, strong cation exchange and strong 
anion exchange sorbent.  
Conditions: 10 ml of 2.0 µg L-1 As(III), As(V), MMA, DMA, AsB, AsC, TAMI, and 
TMAO (as As) solutions. pH =5.6. 
 
 
Retention of a compound is dependent on its interactions with the solid phase 
sorbent and the sample matrix [175]. The most common interactions are based on Van 
der Waals forces (non-polar interactions), hydrogen bonding and dipole-dipole forces 
(polar interactions) and cation-anion interactions (ionic interactions). C18 and C8 
cartridges demonstrate non-polar characteristics and exhibit non-polar interactions 
with sorbate. CN cartridge exhibits both cation exchange and non-polar interactions 
with the sorbate and can be employed as a non-polar sorbent to extract both positively 
charged and non-polar molecules from aqueous samples. Diol cartridge displays both 
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polar and weak non-polar interactions, depending on the preparation of the cartridges 
and the nature of the sample matrix. With appropriate cartridge conditioning, Diol 
cartridge can be employed as a non-polar sorbent to extract relatively non-polar 
molecules from aqueous samples. The polar molecules can be extracted by Diol 
cartridge from relatively non-polar solvents through hydrogen bonding interactions 
with Diol and residual silanol groups of the sorbent. SAX cartridge mainly shows 
strong anion-exchange interactions with the analytes and is used to extract compounds 
capable of carrying a negative charge from both aqueous and non-aqueous solutions. 
HAX cartridge demonstrates mixed-mode interactions with the sorbate on the basis of 
non-polar (C8) and strong anion exchange (NR3+) functional groups of the sorbent. 
PSA cartridge contains -(CH2)3NH(CH2)2NH2 primary-secondary amine as functional 
group and exhibits both polar and weak anion exchange interactions with the analytes. 
Its weak anion exchange interaction can only function at a pH of 8.1 or less because all 
the –NH2 and –NH groups are protonated. PSA sorbent can also function as a bidentate 
ligand and is able to complex with a number of metal ions. Meanwhile, PSA sorbent 
can form a hydrogen bond with any molecule containing an –OH, -NH or –SH 
functional groups. NH2 cartridge contains –(CH2)3NH2 group and acts as both polar 
phase and weak anion exchangers. The weak anion exchange interaction can only 
function at a pH of 7.8 or less because all the –NH2 groups are protonated. Similar to 
PSA sorbent, NH2 sorbent can also form hydrogen bond with any molecule containing 
an –OH, -NH or –SH functional groups. SCX-3 cartridge contains ethylbenzene 
sulphonic acid-based cation exchange sorbent, with strong non-polar secondary 
interactions with the analytes. CBA sorbent, containing –(CH2)3COOH functional 
group, is used to extract positively charged basic compounds at a pH of 6.8 or higher. 
M-M mixed-mode sorbent contains non-polar (C18), strong cation exchange (-SO3-) 
 50
and strong anion exchange (-NR3+) functional groups. Therefore, M-M cartridge offers 
non-polar, polar, anion and cation exchange approaches to the retention of sorbate. 
At pH 5.6, AsC and TMAI exist as cationic forms; arsenate and MMA as anions; 
AsB as a zwitterion; As(III), DMA and TMAO mainly as uncharged species (Table 
3.1). Therefore, AsC and TMAI were completely retained on the CN, SCX-3, CBA 
and M-M cartridges with cation exchange function. The negatively charged arsenate 
and MMA were fully retained on the SAX and HAX cartridges containing strong 
anion-exchanger sorbent. The M-M cartridge also showed significant retention to those 
anions. For weak anion-exchange cartridges (PSA, NH2), complete retention of 
arsenate was obtained because of its relative strong acidity in comparison with MMA, 
while the latter was only partially retained. As a zwitterion, AsB was completely 
retained on the SCX-3 and M-M cartridges with strong cation-exchange interactions. 
The retentions of uncharged species of As(III), DMA and TMAO seem more complex 
than those of cationic and anionic arsenic compounds. As(III) was almost not retained 
on most of the cartridges examined. Partial retention of As(III) was observed on the 
PSA and NH2 cartridges due to the hydrogen bonding and amide-group interactions 
between the –NH2 functional group of the sorbents and arsenous acid. DMA was 
partially retained on SAX, HAX, PSA and M-M cartridges with anion exchange 
sorbents, but completely on strong cation exchange (SCX-3) cartridge. Retention of 
DMA at pH 2.65 on cation exchange HPLC column was also observed by Hansen et al 
[176]. Such a cationic retention behavior was attributed to the formation of the 
protonated compound (CH3)2As+(OH)2 at low pH because the dimethylarsinoyl moiety 
of an “arsenosugar” molecule has a pKa of 3.85 [142, 176]. However, at pH 5.6 
protonation of the dimethylarsinoyl group would be impossible for a pKa of 3.85. 
Therefore, the retention of DMA on SCX-3 cartridge is surprising. It should be noted 
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that strong non-polar secondary interaction between SCX-3 sorbent and DMA could be 
one of the factors resulting in the retention of DMA on this cartridge. Meanwhile, 
DMA was partially deprotonated as negatively charged species at pH 5.6 and was 
therefore retained on anion exchange cartridges (SAX, HAX and PSA) and mixed-
mode cartridge (M-M). As an uncharged species, complete retention of TMAO on the 
cation exchange cartridge (SCX-3 and CBA), mixed-mode cartridge (M-M) and NH2 
cartridge is also surprising. Nevertheless, similar to DMA, the retention of TMAO on 
these cartridges could be attributed to one or more of the following phenomena: (i) 
protonation of the dimethylarsinoyl group as cation; (ii) strong non-polar secondary 
interaction between the cartridge sorbents and TMAO; (iii) hydrogen bonding between 
the cartridge sorbents and TMAO; etc. As can be seen from Table 3.2, as the increase 
of hydrophobic interactions with the cartridge sorbents, arsenic species, AsC, TMAI 
and TMAO showed partial retentions on the non-polar cartridges (C18, C8, CN and 
DIOL). 
Due to the complete retention and significant retention differences for the 
examined arsenic compounds, SAX, SCX-3 and M-M cartridges were selected for 
further study as an arsenic species differentiation tool. 
  
3.2.3 Effect of pH on the retention of arsenic species 
For SPE, pH or acidity would show a significant effect on the retention of arsenic 
compounds on the ion exchange cartridges. As can be seen from Table 3.1, many 
arsenic compounds are acids with negative and positive charges on the species 
depending on their pKa and the solution pH/acidty. Their interaction with ion exchange 
sorbent materials is therefore affected by pH of the solution. The retention efficiency 
of arsenic compounds on the SPE cartridges would be dominated by their dissimilar 
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pKa values and different ionic characters as well their hydrophobic interactions with 
the sorbent materials. Effects of acidity/pH of aqueous solutions on the retention 
efficiency of arsenic compounds on the ion exchange cartridges (SAX, SCX-3 and M-
M) were investigated at different pH values (2.0 or 3.5, 5.6 and 9.0). The pH/acidity 
values were adjusted with nitric acid and/or ammonia solutions. Fig. 3.6 deals with the 
effects of pH on the retention of As(V) and MMA on SAX cartridge. Fig.3.7 shows the 
pH dependence of retention of DMA, AsB, TMAI, TMAO and AsC on the cation 
exchange cartridge (SCX-3), and Fig. 3.8 demonstrates the variation of retention of 
As(V), MMA, AsB, TMAI, TMAO and AsC with pH on mixed-mode cartridge (M-
M). As(III), having a pKa >9 (Table 3.1), was not dissociated in a wide range of pH 
and was present as an uncharged species, and was therefore not examined for its pH 
dependence. At pH 3.5, As(V) was present mainly as H2AsO4-, while MMA as both 
CH3AsO(OH)2 and negatively charged CH3AsO(OH)O-. Therefore, As(V) was almost 
completely retained on the anion exchange cartridge (SAX), while partial retention of 
MMA was observed (Fig. 3.6). At basic condition (pH 9.0), both As(V) and MMA 
were not completely retained although they were negatively charged (Fig. 3.6). Such 
an incomplete retention of As(V) and MMA could be due to competing anionic 
exchange of the counter ion OH- in the solution with the sorbent material. Change of 
pH did not show significant effects on the retention of DMA, AsB, TMAI, TMAO and 
AsC on SCX-3 cartridge (Fig. 3.7). AsC and TMAI existed as cationic forms 
regardless of the pH change. AsB existed as either a cation or zwitterion depending on 
the solution pH because its carboxylic acid group has a pKa of 2.18 [142, 176]. 
Therefore, the strong cation exchange cartridge (SCX-3) was able to retain AsC, 
TMAI and AsB at all pH studied. However, it is surprising that DMA and TMAO were 
completely retained on this SCX-3 cartridge at all the examined pH values although 
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their protonation or deprotonation would occur at these pH values (Table 3.1). As 
described previously, the retention of DMA and TMAO on the strong cation exchange 
could be attributed to other interaction mechanisms such as strong non-polar secondary 
interaction rather than only primary ionic interaction between the cartridge sorbent and 
the analyte. As can be seen from Fig. 3.8, effects of pH on the retention of AsB, 
TMAI, AsC and TMAO on the mixed-mode cartridge (M-M) were similar to those on 
the SCX-3 cartridge due to their resemblances with respect to their interaction 
mechanisms with the sorbates. Retention of As(V) and MMA on M-M cartridge 
strongly dependent on the pH (Fig. 3.8), which is similar to that on the SAX cartridge. 
At pH 2, As(V) and MMA existed mainly as neutral forms, and therefore only small 
percentages were retained. At pH 9.0, only 80% of MMA was retained on the M-M 























































Fig.  3.7 Effect of pH on retention of 2.5 µg L-1 DMA, AsB, AsC, TMAI and 




























Fig.  3.8 Effect of pH on retention of 2.5 µg L-1 As (V), MMA, AsB, AsC, 
TMAI and TMAO (as As) on M-M cartridge. 
 
3.2.4 Evaluation of the cartridge retention capacity 
To retain analytes on a SPE cartridge effectively, sorbent retention capacity is a very 
important factor to be considered. The retention capacity was evaluated through the 
breakthrough volume of the analytes at the concentration examined. Based on the 
analyte concentration and breakthrough volume the cartridge retention capacity was 
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calculated in terms of microgram of analyte retained on per gram of sorbent. 
Breakthrough volume of the analyte is defined as the volume of sample that causes the 
analyte of interest to be eluted from the cartridge. It was determined by analysis of the 
solution that passed through the SPE cartridge after loading of arsenic spiked standard 
aliquots. Table 3.3 shows the capacity results obtained on the SAX, SCX-3 and M-M 
cartridges at pH 5.6. As can be seen from Table 3.3, the retention capacities of SAX 
cartridge for As(V) and MMA were quite close. For SCX-3 cartridge, the retention 
capacities for AsB, TMAI, TMAO and AsC were also similar, but twice that for DMA. 
The capacity difference between DMA and other organic arsenic compounds (AsB, 
TMAI, TMAO and AsC) could be a result of their different charge-to-mass ratios and 
interaction mechanisms with the sorbent material of the SCX-3 cartridge. The mixed-
mode cartridge (M-M) showed significantly different retention capacities for those 
arsenic compounds examined. The capacities for AsC, TMAI and As(V) were 
relatively higher, and relatively lower for AsB, TMAO and MMA. Similar to the SCX-
3 cartridge, different retention capacities of the M-M cartridge for those arsenic 
compounds examined could be attributed to the differences in their charge-to-mass 
ratios and interaction mechanisms with the sorbent material of the cartridge. It should 
be noted that the cartridge retention capacity is affected by the sample matrix and pH 
to a certain extent dependent on the retention mechanism of the analytes on the 
sorbents. 
 
3.2.5 Elution of arsenic species from cartridges 
Elution of arsenic species from cartridges was performed after the sample passed 
through the cartridges. The retained arsenic species were eluted with 1.5 mL of eluent. 
Another 1.5 mL of the eluent was allowed to flow through the cartridge for a second 
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time for complete elution. The effluents were collected in a vial and determined for 
their arsenic content with ICP-MS. In order to eliminate variations in the signal 
intensities due to different matrix media, standard solutions for calibration were 
prepared in the corresponding eluents. Eluents used for the elution of arsenic 
compounds should have reasonable affinity to the corresponding sorbent materials and 
can selectively strip the target analyte from the cartridges. Eluents should also not 
introduce any extra spectral interferences to the subsequent quantification using ICP-
MS. Methanol, HNO3 and acetic acid were therefore chosen to elute arsenic species 
retained on the SAX, SCX-3 and M-M cartridges. The results are summarized in mean 
± standard deviation (s) from triplicate analyses in Tables 3.4-3.6. Almost all the target 
arsenic species were not eluted with methanol from these respective cartridges (Tables 
3.4-3.6). As(V) and MMA were completely eluted with 1.0 mol L-1 HNO3 from the 
SAX cartridge. Selective elution of MMA from the SAX cartridge was achieved with 
1.0 mol L-1 acetic acid, while 82% of MMA was eluted from the SAX cartridge with 
0.1 mol L-1 acetic acid. No elution of As(V) with acetic acid from the SAX cartridge 
was observed. Only DMA was completely eluted from the SCX-3 cartridge with 1.0 
mol L-1 HNO3. AsB, AsC, TMAI and TMAO retained on the SCX-3 cartridge were not 
eluted with 1.0 mol L-1 HNO3. Mixture of 1.0 mol L-1 HNO3 and 50% (v/v) methanol 
completely eluted not only DMA but also AsB from the SCX-3 cartridge. Partial 
elutions of AsC, TMAI and TMAO from the SCX-3 cartridge were also obtained. 
From the M-M cartridge, AsB, AsC, TMAI, TMAO, As(V) and MMA were partially 
eluted with 1.0 mol L-1 HNO3, but almost completely with the mixture of 1.0 mol L-1 
HNO3 and 50% methanol. Because of the differences in retention and elution 
behaviors, arsenic species could be separated using different cartridges and selective 
elution. 
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Table 3.3 Capacities of SAX, SCX-3 and M-M cartridges for As species (µg/g) 
Arsenic species SAX SCX-3 M-M 
As(V) 0.58±0.01 N.E. 0.43±0.02 
MMA 0.53±0.02 N.E. 0.13±0.01 
DMA N.E. 0.33±0.01 N.E. 
AsB N.E. 0.61±0.01 0.12±0.01 
AsC N.E. 0.62±0.01 0.67±0.02 
TMAI N.E. 0.68±0.01 0.66±0.01 
TMAO N.E. 0.62±0.01 0.18±0.02 
N.E. = not examined. Conditions: 5.0 µg L-1 As(III), As(V), MMA, DMA, AsB, AsC, 
TAMI, and TMAO (as As)  solutions. pH = 5.6. 
 
 
Table 3.4 Percent of arsenic species eluted from SAX cartridge 
Elution As(V) MMA 
1.0 mol L-1 HNO3 100±5 100±5 
Methanol 0 0 
0.1 mol L-1 HAc 0 82±2 
1.0 mol L-1 HAc 0 104±1 
Conditions: 10 ml of 5.0 µg L-1 As(III), As(V), MMA, DMA, AsB, AsC, TAMI, and 
TMAO (as As) solutions. pH = 5.6. 
 
 
Table 3.5 Percent of arsenic species eluted from SCX cartridge 
Elution DMA AsB AsC TMAI TMAO 
Methanol 0 0 0 0 0 
1.0 mol L-1 HNO3 100±2 0 0 0 0 
1.0 mol L-1 HNO3/ 50%MeOH 100±5 100±3 25±2 5±0.5 80±1 
Conditions: 10 ml of 5.0 µg L-1 As(III), As(V), MMA, DMA, AsB, AsC, TAMI, and 
TMAO (as As) solutions. pH = 5.6. 
 
 
Table 3.6 Percent of arsenic species eluted from M-M cartridge 
Elution AsB AsC TMAI TMAO As(V) MMA 
Methanol 0 0 0 0 0 20±3 
1.0 mol L-1 HNO3 80±3 88±1 80±2 82±2 51±3 10±1 














Conditions: 10 ml of 5.0 µg L-1 As(III), As(V), MMA, DMA, AsB, AsC, TAMI, and 
TMAO (as As) solutions. pH = 5.6. 
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3.2.6 Application for arsenic speciation of water 
The differences in retention and elution behaviors of arsenic compounds make it 
possible to develop a simple and sensitive speciation method using SPE cartridges and 
ICP-MS. As described above, selective elution of arsenic compounds was achieved 
from both the SAX and SCX-3 cartridges but not the M-M cartridge. The SAX and 
SCX-3 cartridges were therefore the best candidates for application to arsenic 
speciation analysis of water. However, it was difficult to distinguish AsB, AsC, TMAI 
and TMAO using these cartridges because of their similar retention and elution 
characteristics. The four species were therefore treated as a single category, “non-toxic 
organic arsenic species” in the speciation analysis of arsenic here. Successful 
separations of As(V), MMA, DMA, AsB, AsC, TMAI and TMAO were achieved by a 
silica-based cation-exchange chromatographic system (LC-SCX) with 0.020 mol L-1 
pyridine at pH 2.6 [142, 177]. However, As(III) was co-eluted with MMA under the 
chromatographic conditions employed. Unsuccessful separations of AsB, AsC, TMAI 
and TMAO using these SPE cartridges could be due to their less efficient elution in 
terms of elution thermodynamics and kinetics and volumes applied. Fig. 3.9 
demonstrates a schematic diagram for arsenic speciation analysis using SPE cartridges. 
In Fig. 3.9, AsB represents the “non-toxic organic arsenic species” we defined. The 
concentrations of As(III), MMA and DMA in the aqueous phase can be determined by 
ICP-MS directly after separation from other arsenic compounds and/or selective 
elution using SPE cartridges. The concentrations of As(V) and AsB were calculated as 
differences from the total arsenic concentration and other arsenic concentrations 
obtained from the aqueous phase eluted from the corresponding cartridges (see Fig. 
3.9). The total arsenic concentration was obtained from the original water sample 

























Fig.  3.9 Schematic diagram for arsenic speciation analysis using SPE cartridges 
 
By using the proposed approach, calibration curves were established in the range of 
0-5.0 µg L-1 As with linear correlation coefficients of greater than 0.995 for all the 
arsenic compounds examined. Calibration curves were still linear even up to 50.0 µg 
L-1 As in the pulse detector mode. A limit of detection (LOD) achieved by the 
described procedure in combination with ICP-MS determination  was calculated to be 
8 ng L-1 as three times the standard deviation of the background. The proposed 
procedure was applied to arsenic speciation analysis in water samples from various 
sources. Meanwhile recovery was also examined by spiking the water samples with 
arsenic species. According to the speciation analysis approach shown in Fig. 3.9, the 
 
 






    







C1 = CAs(III) + CAs(V) + CMMA + CDMA + CAsB or total As 
C2 = CAs(III) + CAs(V) + CMMA 
C3 = CAs(III) 
C4 = CDMA 
C5 = CMMA 
 
CAs(III) = C3 
CAs(V)  = C2-C3-C5 
CMMA  = C5 
CDMA   = C4 





Eluted with 1.0 mol L-1 HNO3 







water sample was passed through the SCX-3 and SAX cartridges subsequently. Then 
DMA was eluted with 1.0 mol L-1 HNO3 from SCX-3 cartridge, and MMA was eluted 
with 1.0 mol L-1 acetic acid from the SAX cartridge. The results of these analyses are 
summarized in Table 3.7. These results indicate that the As(III), As(V), MMA, DMA, 
AsB and total arsenic in these water samples can be successfully analyzed based on the 
differences in retention and elution behaviors of arsenic compounds on the SPE 
cartridges. As shown in Table 3.7, the recoveries in ranges of 90.3-106%, 87.6-110%, 
88.6-107%, 81.0-118% and 91.6-101% were obtained for As(III), As(V), MMA, DMA 
and AsB at concentration levels of 2.0-3.0 µg L-1, respectively. 
 
3.3 Conclusion  
Many factors, such as the chemical characteristics of arsenic species and the types of 
sorbent materials, affected the retention of As(III), As(V), MMA, DMA, AsB, AsC, 
TMAO and TMAI on the SPE cartridges. Change of pH did not show significant effect 
on the retention of DMA, AsB, AsC, TMAI and TMAO on strong cation exchange 
cartridges. pH had little effect on the retention of AsB, AsC, TMAI and TMAO on 
mixed-mode cartridges. However, the retention of As(V) and MMA on strong anion 
exchange and M-M cartridges changed with changes of pH. As(V) and MMA were 
completely retained on a SAX cartridge and sequentially eluted with 1.0 M acetic acid 
(for MMA). DMA, AsB, AsC, TMAI and TMAO were completely retained on a SCX-
3 cartridge and sequentially eluted with1.0 M HNO3 (for DMA). As(V), MMA, AsB, 
AsC, TMAI and TMAO were completely retained on a M-M cartridge. As(III) was not 
retained on either cartridge and remained in solution. Arsenic species in solution and 
those eluted from the cartridges were subsequently determined by using ICP-MS. On 
the basis of differences in retention and elution behaviors of arsenic compounds, a 
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method was developed for the arsenic speciation analysis using SPE cartridges and 
ICP-MS. The method is simple and sensitive and has been successfully applied to 
arsenic speciation analysis of various types of water samples. By using the proposed 
procedure in combination with ICP-MS determination, a detection limit of 8 ng L-1 As 
was achieved. The use of the proposed approach makes it possible to avoid complex 
sample pretreatment and excessive preconcentration, which may result in changes of 


















Table 3.7 Determination of arsenic species in water samples (µg L-) 
Sample result Spiked recovery (R) 
As(III) As(V) MMA DMA AsB Samples As(III) 
(µg L-1) 
As(V) 



























water <0.008 <0.008 <0.008 <0.008 <0.008 2.0 106 2.0 110 2.0 107 2.0 81.0 2.0 99.5 
Drinking 
water <0.008 0.185±0.010 <0.008 <0.008 <0.008 3.0 90.3 3.0 87.6 2.5 102 2.5 111 2.5 101 
Product 
water <0.008 <0.008 <0.008 <0.008 <0.008 2.5 91.6 3.0 101 2.5 88.6 2.5 108 2.5 91.6 
Raw 
water 0.392±0.018 0.911±0.044 <0.008 <0.008 <0.008 2.5 100.3 2.5 99.8 2.5 97.9 2.5 118 2.5 100 
Waste 











Chapter 4 Antimony speciation analysis 
 
4.1 Introduction 
Antimony is an element of environmental concern due to its toxicity and biological 
effects and is therefore considered as a priority pollutant by the United States 
Environmental Protection Agency (EPA) [178]. A maximum contaminant level (MCL) 
of antimony in drinking water has been suggested to be 0.006 mg L-1 by EPA. 
However, its toxicity and bioavailability strongly depends on its chemical form and 
oxidation state. For example, inorganic species of antimony are more toxic than 
methylated ones, and Sb(III) is 10 times more toxic than Sb(V) [178]. Measurement of 
the total antimony can therefore hardly provide the right information about its 
bioavailability, environmental behavior, ecological effect, physiological function and 
its interactions with other elements. Therefore, analytical and environmental chemists 
have paid particular attention to the method development for antimony speciation 
analysis and most works have been focused on the study of Sb(III) and Sb(V). 
Nowadays most of the published methods for antimony speciation analysis have 
focused on the online hyphenation of chromatographic separations and element-
specific detectors. GC coupled to AAS [179-181], MS or ICP-MS was mostly used in 
studying the volatile antimony species. For speciation analysis of soluble antimony 
species, the widely used technique was HPLC HG-AFS [182, 183], HG-AAS [184, 
185], ICP-AES [186] and ICP-MS [187-190]. However, problems with the HPLC 
separation have been encountered including long retention times and serious peak-
tailing for Sb(III) [185]. Zhang et al. [185] proposed the use of a shorter, 2-cm guard 
column with tartrate as mobile phase to reduce the retention times. However, a broad 
peak for Sb(III) was still observed. The use of a complexing mobile phase such as 20 
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mmol L-1 ethylenediaminetetraacetic acid (EDTA) has been shown to be effective for 
the HPLC separation of Sb(III) and Sb(V) with better peak shapes and shorter retention 
times [178, 184, 185, 187-189]. Besides GC and HPLC, CE has also been 
demonstrated to be potentially useful in the antimony speciation study [191-192].  
In addition, differentiation of inorganic Sb(III) and Sb(V) can be accomplished on 
the basis of determination of Sb(III) and total antimony after reduction of Sb(V) to 
Sb(III). One of the most frequently used methods for the determination of Sb(III) is 
hydride generation (HG) [193] or liquid-liquid solvent extraction [194-198] followed 
by AAS detection. However, essential sample pretreatment and preconcentration steps 
are needed in order to obtain the required detection limit. APDC [194-196] and N-
benzoyl-N-phenylhydroxylamine [197, 198] are the ligands usually employed in the 
liquid-liquid extraction. Alternative to liquid-liquid extraction, solid phase extraction 
(SPE, or liquid-solid extraction) can also be used for antimony preconcentration. SPE 
has been developed as a convenient and inexpensive alternative to other extraction 
techniques and widely used for the separation and preconcentration of analytes in 
analysis [175]. Based on the sorption of complexed antimony on alumina column and 
subsequent elution with phosphoric acid under pH-controlled conditions, speciation 
analysis of Sb(III) and Sb(V) was achieved by AAS [199]. Yan et al. [200] developed 
an on-line flow injection system combined with electrothermal AAS for the 
determination of Sb(III) based on adsorption of Sb(III)-APDC complex on the inner 
walls of a knotted reactor and subsequent quantitative elution with a small volume (35 
µL) of ethanol. With the aim of sorption preconcentration of Sb(III), Sb(V) and Se(IV) 
complexes with APDC formed at pH 1.2 on a C18-bonded silica gel column, selenium 
and antimony from seawater were detected by graphite furnace AAS (GFAAS) [201]. 
Garbos et al. [202] described a method for the determination of Sb(III) based on 
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selective adsorption of Sb(III)-APDC complex on a microcolumn packed with C16-
bonded silica gel phase. The adsorbed antimony complex was directly eluted with 
ethanol into GFAAS for determination. The microcolumn was integrated with a flow 
injection system to achieve preconcentration. The determination of total inorganic 
antimony was achieved after the reduction of Sb(V) with L-cysteine to Sb(III). 
However, additional problems would be encountered in connection with the necessity 
of calibration based on organic standards and poor reproducibility for the 
determination of antimony performed in organic solvents by GFAAS or HG-AAS 
following liquid-liquid extraction or liquid-solid extraction. 
The objective of this work was to develop a sensitive and simple method that can 
be used for routine analysis of antimony species in water. Our approach was to 
investigate the uses of SPE cartridges for selective retention of Sb(III) and Sb(V) and 
their complexes with APDC followed by highly sensitive ICP-MS detection of the 
specific antimony species remaining in solution. A method was then developed on the 
basis of selective retention of Sb(III)-APDC complex on SPE C8 cartridge for the 
determinations of total inorganic antimony and antimony (V) in aqueous phase of the 
sample by ICP-MS. The Sb(III) concentration was calculated as a difference between 
total antimony and Sb(V) concentrations. The detection limit was 1 ng L-1 antimony. 
Factors affecting the separation and detection of antimony species were investigated. 
Foreign ions tending to chelate with Sb(III) or APDC were also examined for their 
interferences with the retention behavior of Sb(III)-APDC complex. This method was 
applied to antimony speciation analysis of various sources of water samples. 
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4.2 Results and discussion 
4.2.1 Optimization of ICP-MS operating parameters 
All the instrumental parameters such as forward power, torch position, plasma, 
auxiliary and carrier gas flows were optimized for the best net ion signal of antimony. 
Antimony has two isotopes 121Sb and 123Sb. 121Sb has a larger abundance and was 
therefore chosen as the monitoring mass. During the optimization of ICP-MS operating 
parameters only one parameter was changed and the others remained constant as 
shown in Table 2.2. Preliminary results indicated that the RF power and carrier gas 
flow were the main parameters affecting signal intensities and signal-to-noise ratio. 
Net ion signal at m/z 121 of Sb(III), Sb(V) at 1.5 µg L-1 as Sb and their mixtures with 
0.05% APDC as a function of the RF power is shown in Fig. 4.1. It can be observed 
that the net Sb ion intensities of all the solutions increased with increase in RF power 
and reached almost the maximum value when the RF power was 1300 W. Decrease of 
the net Sb ion intensities of all the solutions was obtained when the RF power was 
greater than 1340 W. Carrier (nebulizer) gas flow rate showed a significant effect on 
the ion intensities of Sb(III), Sb(V) and their mixtures with 0.05% APDC at m/z 121. 
However, such an effect would be influenced by the RF power applied [166]. Net ion 
signal at m/z 121 of Sb(III), Sb(V) and their mixtures with 0.05% APDC as a function 
of the carrier gas flow rate is shown in Fig. 4.2. As shown in Fig. 4.2, the Sb net ion 
intensities increased with the carrier gas flow rate and reached a maximum value at 
1.33 L min-1, and then gradually decreased. The maximum net intensities appeared in 
Fig. 4.2 would increase with higher RF power (see Fig. 4.1) and shift towards higher 
carrier gas flow rates [166]. Therefore, on the basis of results shown in Fig. 4.1 and 
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Fig. 4.2 a carrier gas flow rate of 1.33 L min-1 and a RF power of 1300 W were 
selected for the subsequent experiments. 




















Fig. 4.1 Effect of RF power on Sb net signal for 1.5 µg L-1 Sb(III) and Sb(V) in 
the absence and presence of 0.05% of APDC. Carrier gas flow = 1.33 L min-1. 
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Fig. 4.2 Effect of carrier gas flow on Sb net signal for 1.5 µg L-1 Sb(III) and 




As a chelating agent of antimony, effects of APDC on the net ion intensities of 
Sb(III) and Sb(V) were also investigated. As shown in Fig. 4.1 and Fig. 4.2, addition of 
0.05% APDC did not affect the response of Sb(V). However, the existence of 0.05% 
APDC resulted in a significant decrease of Sb(III) response. Such a suppression of 
Sb(III) signal could be due to the formation of water insoluble Sb(III)-APDC 
complex.17-19 Sb(V) would not complex with APDC under the conditions applied. 
 
4.2.2 Retention of antimony species on solid phase extraction cartridges 
A variety of silica-based cartridges containing different types of sorbent materials, 
such as C8, C18, cyanopropyl (CN), 2,3-dihydroxypropoxypropyl (diol), were 
examined for quantitative retention of Sb(III), Sb(V) in the presence and absence of 
APDC. For the determination of retention of Sb(III), Sb(V) and their complexes on the 
cartridges, standard solutions containing 5.0 µg L-1 each of Sb(III), Sb(V) in the 
presence and absence of 0.05% APDC were loaded onto each cartridge at 1 mL min-1 
flow rate. The concentration of antimony measured in the cartridge effluent compared 
with that in the initial standard solution represents the unretained portion of the 
antimony species investigated. The difference in antimony concentrations in the 
solutions before and after passing through the cartridge provides information about the 
amount of the tested antimony retained on the cartridge. Table 4.1 summarized the 
retention percentages of Sb(III) and Sb(V) in the presence of APDC on several silica-
based SPE cartridges containing various types of sorbents, i.e. C8, C18, cyanopropyl 
(CN), 2,3-dihydroxypropoxypropyl (diol). The pH of the solutions was 5.0. As shown 
in Table 4.1, In the presence of APDC Sb(III) was quantitatively retained on all the 
cartridges tested, while Sb(V) was completely unretained on the non-polar C8 and C18 
cartridges. The CN and diol cartridges showed little or partial retention of the Sb(V). 
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C18 cartridge could be alternative to C8 for the retention of Sb(III) in the presence of 
APDC. 
 
Table 4.1 Percentage of antimony retained on several silica-based cartridges 
Group in the silica sorbent C18 C8 CN Diol 
Sb(III)+APDC 98.5 98.0 97.6 98.7 
Sb(V)+APDC 0.0 0.0 4.7 39.7 
Conditions: 20 ml of 5.0 µg L-1 Sb(III) and Sb(V) solutions with 1.0 ml of 1 % APDC. 
pH = 5.0. 
 
The non-polar C18 and C8 cartridges exhibit Van der Vaals forces (non-polar 
interactions) which retain the compound on the solid phase sorbent. In the presence of 
APDC, Sb(III) forms organic solvent extractable Sb(III)-APDC complex with APDC 
and was retained by non-polar cartridges, while Sb(V) does not at the pH of 5.0 
applied [195, 196]. At pH 5.0, Sb(V) mainly existed as Sb(OH)6- and therefore was not 
retained by non-polar cartridge [203]. CN cartridge exhibits both polar and non-polar 
interactions with the sorbate and can be employed as a non-polar sorbent to extract 
both polar and non-polar molecules from aqueous samples. The organic solvent 
extractable Sb(III)-APDC was therefore retained on the CN cartridge. Sb(V), existed 
as high polarity anion of Sb(OH)6-, did not shown strong affinity to cyanopropyl and 
residual silanol functional groups of the sorbent rather than aqueous matrix and was 
only partially retained on the CN cartridge. Diol cartridge exhibits both polar and weak 
non-polar interactions, depending on the preparation of the cartridges and the nature of 
the sample matrix. With appropriate cartridge conditioning, the diol cartridge can be 
employed as a non-polar sorbent to extract relatively non-polar molecules from 
aqueous samples. The polar molecules can be extracted by diol cartridge from 
relatively non-polar solvents through hydrogen bonding interactions with the diol and 
residual silanol groups of the sorbent. From the water sample, Sb(III) was completely 
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retained on the diol cartridge as organic solvent extractable Sb(III)-APDC complex, 
while Sb(V), in the form of Sb(OH)6- was partially retained based on its hydrogen 
bonding interactions. Due to the significant retention differences of Sb(III) and Sb(V) 
in the presence of APDC, C8 and/or C18 cartridges were selected for further study as a 
differentiation tool of inorganic Sb(III) and Sb(V). 
 
4.2.3 Effect of acidity/pH on the retention of antimony species 
For solid phase extraction, pH or acidity would show a significant effect on the 
retention of Sb(III) and Sb(V) on the C8 and C18 cartridges in the absence and 
presence of APDC. The hydrolytic stability of APDC in aqueous media was pH-
dependent [195, 196]. The half-life values for APDC became shorter and shorter with 
the increase of acidity or decrease of pH. The change of pH or acidity would also result 
in changes of Sb(III) and Sb(V) species distribution [203] and therefore the 
complexation efficiency of APDC with Sb(III) and Sb(V) [195, 196]. For liquid-liquid 
extraction of Sb(III) and Sb(V) using APDC, Subramanian et al. [195] found that 
Sb(V) was quantitatively extracted from 0.3-1.0 mol L-1 HCl, but not extracted at pH 
2.5-10.0 into methyl isobutyl ketone (MIBK). At pH 0.0-9.0, Sb(III) was completely 
transferred from aqueous to organic phase. Chung et al. [196] reported that using 
APDC Sb(V) was completely extracted into chloroform + carbon tetrachloride mixed 
solvent at pH≤2 but not extracted at pH>4, Sb(III) was extracted over the acidity range 
of 5 mol L-1 HCl to pH 7. Therefore, selective extraction of antimony(III) and 
antimony(V) was achieved with the APDC-MIBK or APDC-CHCl3 + CCl4 mixed 
solvent system at the controlled pH/acidity [195, 196]. 
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Fig. 4.3 Influence of acidity/pH on the retention of 5.0 µg L-1 Sb(III) and Sb(V) 
in the absence and presence of 0.05% of APDC. 
 
In view of the similarity of SPE to liquid-liquid extraction and on the basis of 
selective liquid-liquid extraction results, effects of acidity/pH of aqueous solutions on 
the retention efficiency of Sb(III) and Sb(V) in the presence and the absence of APDC 
was investigated over the pH range 1.0-5.0 and the results are shown in Fig. 4.3. The 
pH/acidity values were adjusted with nitric acid and/or ammonia solutions prior to the 
addition of APDC. As can be seen from Fig. 4.3, in the absence of APDC, the retention 
of Sb(III) on the C8 cartridge increased with the increase of pH and reached the 
maximum value of approximate 95% at pH≥2.3. There was virtually no retention of 
Sb(V) on the C8 cartridge at pH 1.0-5.0 studied. The retention of Sb(III) could be due 
to the formation of less water soluble neutral species Sb(OH)3 in the examined pH 
range [203]. At pH≥2.3, Sb(OH)3 could be the principal species, and at pH<2.3 
Sb(OH)2+ ion could be formed and increased with the acidification of the solution. At 
the concentration level of 5.0 µg L-1 Sb(V) existed as water soluble H[Sb(OH)6] or 
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Sb(OH)5- depending on the pH/acidity of the solution [203], and therefore was not 
retained by the non-polar C8 cartridge. In the presence of APDC, Sb(III) was 
completely retained at approximate 100% on the non-polar C8 cartridge at pH 1.0-5.0 
studied. The retention of Sb(III) was due to the formation of organic solvent 
extractable Sb(III)-APDC complex with APDC and therefore retained by the non-polar 
C8 cartridges [195, 196]. Sb(III)-APDC complex is larger neutral molecule and 
organic solvent more extractable than Sb(OH)3 and was more strongly retained by non-
polar C8 sorbent. Sb(V) was quantitatively retained at pH ≤ 2.0 due to the formation of 
organic solvent extractable Sb(V)-APDC complex with APDC [195, 196]. At pH≥4.0, 
Sb(V) was essentially not retained in the presence of APDC. The results shown in Fig. 
4.3 would also further suggest the similarity of retention behaviors of Sb(III) and Sb(V) 
in the presence of APDC with their liquid-liquid extraction characteristics. In order to 
selectively and quantitatively separate Sb(III) from Sb(V) using solid phase extraction 
C8 cartridge, pH of the sample solution would be adjusted to be 4.0 - 5.0. 
 
4.2.4 Effect of APDC concentration 
When the molar concentration ratio of APDC to Sb(III) was ≥1.7×104, Sb(III) can be 
quantitatively extracted with the APDC-MIBK system under the selected pH/acidity 
[195]. For quantitative retention of Sb(III) as Sb(III)-APDC complex on the non-polar 
C8 cartridge, excessive APDC and appropriate APDC-to-Sb(III) ratio would also be 
necessary to ensure all Sb(III) converted to Sb(III)-APDC. For 20 ml of 4.0 µg L-1 
Sb(III) solution, 95% of Sb(III) was retained with an addition of 0.25 ml of 1.0% 
APDC which is equivalent to an APDC to Sb(III) concentration ratio of 2.3×104 
(mol/mol). The retention of Sb(III) was 97, 100, 100 and 100% at APDC to Sb(III) 
ratios of 4.6×104, 9.3×104, 1.4×105 and 1.9×105 (mol/mol), respectively. In general, 
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0.05-0.10% (m/v) APDC would be enough for quantitative Sb(III) retention on the 
non-polar C8 cartridge and was chosen for all subsequent experiments. 
 
4.2.5 Effect of coexisting ions 
 
Table 4.2 Effect of foreign ions on determination of Sb(III) and Sb(V)  
Added (µg L-1) Found (µg L-1) 
Ion 
Concentration 
(mg L-) Sb(III) Sb(V) Total Sb(III) Sb(V) 
As3+ 0.1 2.24 2.57 4.67 2.17 2.50 
Se4+ 0.1 2.24 2.57 4.71 2.22 2.49 
Cu2+ 0.5 2.24 2.57 4.85 2.31 2.54 
Ni2+ 0.5 2.24 2.57 4.80 2.09 2.71 
Co2+ 0.5 1.95 2.03 4.19 1.95 2.24 
Na+ 78 2.24 2.57 5.11 2.48 2.63 
K+ 46 2.24 2.57 5.11 2.48 2.63 
NH4+ 20.4 2.24 2.57 5.22 2.39 2.83 
Cl- 7.1 2.24 2.57 5.22 2.39 2.83 
HCO3- 12.2 2.24 2.57 5.22 2.39 2.83 
SO42- 19.2 2.24 2.57 5.22 2.39 2.83 
H2PO4- 19.4 2.24 2.57 5.22 2.39 2.83 
NO3- 248 2.24 2.57 5.11 2.48 2.63 
Br- 0.5 1.95 2.03 4.18 1.94 2.24 
F- 0.5 1.95 2.03 4.20 1.99 2.21 
 
Trace metals can interfere if, under the conditions employed, they effectively compete 
for complexation of APDC and are retained on the non-polar C8 cartridge. Other 
materials may also interfere by competitive complexation and masking of Sb(III) due 
the formation of Sb(III) complexes not retained on the non-polar C8 cartridge. For 
consideration of applying the developed method to source water samples, the main 
ions coexisting in water were investigated for their interferences with the 
determination of Sb(III), Sb(V) and total antimony. The results are summarized in 
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Table 4.2. As can be seen from Table 4.2, under the conditions applied Cu(II), Ni(II), 
Co(II), K+, Na+, Cl-, Br-, F- and SO42-, etc. did not show significant interferences with 




The differences in retention of Sb(III) and Sb(V) in the presence of APDC make it 
possible to develop a simple and sensitive speciation method. Selective retention of 
Sb(III) in the presence of APDC on the non-polar C8 cartridge could be applied for 
separation of Sb(III) from Sb(V) present in the aqueous sample. The concentration of 
Sb(V) in the aqueous phase can be determined by ICP-MS after separation of Sb(III) 
using SPE cartridge. The concentration of Sb(III) was calculated as a difference 
between total antimony and Sb(V) concentrations. The total antimony concentration 
was obtained from the original water sample filtered through 0.45 µm Nylon 
membrane disc filters. 
By using the proposed procedure, calibration curves were established in the range 
of 0-5.0 µg L-1 Sb with linear correlation coefficients of greater than 0.995 for both 
Sb(V) and total antimony. Calibration curves were still linear even up to 50.0 µg L-1 in 
the pulse detector mode. A limit of detection (LOD) achieved by the described 
procedure in combination with ICP-MS determination  was calculated to be 1 ng L-1 as 
3 times the standard deviation of the background. The proposed procedure was applied 
to the determination of Sb(III), Sb(V) and total antimony in water samples from 
various sources. Meanwhile recovery was also examined by spiking the water samples 
with antimony. The results of these analyses are summarized in Table 4.3 and indicate 
that the Sb(III), Sb(V) and total antimony in those water samples can be successfully 
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determined based on the selective retention of Sb(III) in the presence of APDC on C8 
cartridge and therefore its separation from Sb(V). As shown in Table 4.3, the 
recoveries in ranges of 90.2-114% and 92.4-108% were obtained for Sb(III) and Sb(V) 
at concentration levels of 2.0-3.5 µg L-1, respectively. Therefore, from the recovery 
results it could be concluded that no significant oxidation or reduction occurred for the 
spiked Sb(III) and Sb(V) during the sample preparation and  SPE separation. 
 
Table 4.3 Recoveries of Sb(III) and Sb(V) added to water samples and speciation 
analysis of Sb(III) and Sb(V) in water samples (n = 3) 




















0.028±0.001 0.028±0.001 <0.001 3.0 96.7 3.5 101 
Drinking 
water 1 
0.357±0.011 0.291±0.009 0.066±0.001 2.5 97.6 3.0 95.0 
Drinking 
water 2 
0.422±0.013 0.382±0.006 0.040±0.014 2.0 114 2.5 94.3 
Raw 
water 1 
0.497±0.038 0.431±0.005 0.066±0.038 2.5 96.5 2.5 107 
Raw 
water 2 
0.445±0.011 0.418±0.016 0.027±0.020 2.5 102 2.5 104 
Waste 
water 1 
1.135±0.001 1.056±0.023 0.079±0.023 2.0 107 2.5 103 
Waste 
water 2 








0.020±0.001 0.019±0.001 <0.001 2.5 90.2 2.5 108 
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4.3 Conclusions 
A method for speciation analysis of Sb(III) and Sb(V) was developed on the basis of 
selective sorption of Sb (III)-APDC chelate on solid phase extraction C8 cartridge. The 
concentration of Sb(V) in the aqueous phase was determined by ICP-MS after removal 
of Sb(III) by SPE. The concentration of Sb(III) was calculated as a difference between 
total antimony and Sb(V) concentrations. The total antimony concentration was 
obtained from original water samples filtered through 0.45 µm Nylon membrane disc 
filters. This study demonstrated that the acidification of samples led to partial or 
complete retention of Sb(V) in the presence of APDC on C8 cartridge. Therefore, the 
separation of Sb(III) from Sb(V) in the presence of APDC should be performed at 
pH≥4.0. Foreign substances did not show significant interferences with determination 
of Sb(III) and Sb(V) and total antimony at the concentration levels examined. The 
method is simple and sensitive and has been successfully applied to antimony 
speciation analysis of various types of water samples. By using the proposed procedure 
in combination with ICP-MS determination, a detection limit of 1 ng L-1 was achieved. 
The detection limit is indifferent to the oxidation state of antimony and also lower than 
those obtained by HPLC-HG-AFS (0.8 and 1.9 µg L-1 for Sb(III) and Sb(V), 
respectively),5 HPLC-HG-AAS (0.7 µg L-1 for Sb(III) and 1.0 µg L-1 for Sb(V)),7 
HPLC-ICP-MS (0.05 µg L-1 for Sb(III) and 0.07 µg L-1 for Sb(V))10 and CE-ICP-MS 
(0.1 µg L-1 for both Sb(III) and Sb(V))14. The use of the proposed procedure makes it 
possible to avoid complex sample pretreatment and excessive preconcentration with 
organic solvents, which in turn may result in changes of relative concentration of 
individual antimony species, contamination or loss of the analytes. 
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Chapter 5   Tellurium speciation analysis 
 
5.1 Introduction 
Tellurium is widely used in metallurgical, pharmaceutical and electronics industries 
although it is a comparatively rare element. Its trace determination has been receiving 
increasing attentions due to its toxicity, potential environmental pollution and impacts 
[204]. However, its toxicity, bioavailability and environmental transport mechanism 
highly depend on its chemical form and oxidation state. For example, tellurite is 10 
times more toxic than tellurate [205]. In comparison with extensive speciation studies 
of other elements, such as arsenic and selenium, only a few works have dealt with the 
speciation analysis of tellurium. Speciation analysis of tellurium can be performed on 
the basis of on-line hyphenation of chromatographic separations and element-specific 
detectors. Capillary gas chromatography interfaced with gas-phase fluorine-induced 
chemiluminescence detector or mass spectrometry has been used in studying dimethyl 
telluride (DMTe), one of the organic tellurium species [206]. Gruter et al. [207] also 
investigated DMTe in soil samples by hydride generation-low temperature gas 
chromatography-ICP-MS. CE coupled with ICP-MS detection has also been applied to 
determine Te(IV) and Te(VI) in soil extracts [208]. The detection limits obtained were 
0.70 and 99 µg L-1 for Te(IV) and Te(VI), respectively. Although the electrolyte 
employed in the CE separation resulted in suppression of Te ion intensity, detection 
with ICP-MS is much more sensitive than that with UV [209]. Guerin et al. [210] and 
Lindemann et al. [211] have developed an anion exchange HPLC-ICP-MS procedure 
allowing the simultaneous multielemental speciation analysis of As, Se, Sb and Te. 
However, only one tellurium species, Te(IV), was involved in their reports. 
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On the other hand, differentiation of inorganic Te(IV) and Te(VI) can be 
accomplished on the basis of determination of Te(IV) and total tellurium after 
reduction of Te(VI) to Te(IV). Reduction of Te(VI) to Te(IV) was usually 
accomplished in different concentrations of hydrochloric acid for different times or in 
0.3 mol L-1 hydrochloric acid containing TiCl3 and hydrogen peroxide. One of the 
most frequently used methods for the determination of Te(IV) is hydride generation 
(HG) or liquid-liquid solvent extraction followed by AAS detection. However, 
essential sample pretreatment and preconcentration steps are needed in order to obtain 
the required detection limit, and additional problems would also be encountered in 
connection with the necessity of calibration based on organic standards and poor 
reproducibility for the determination of tellurium performed in organic solvents by 
GFAAS or HG-AAS following liquid-liquid extraction or liquid-solid extraction. 
APDC [194, 196], sodium diethyldithiocarbamate and dithiozone [194] are the ligands 
usually employed in the liquid-liquid extraction for the selective separation of Te(IV) 
and Te(VI) prior to AAS detection. Alternative to liquid-liquid extraction, solid phase 
extraction (SPE, or liquid-solid extraction) can also be used for tellurium separation. 
For example, Yu et al. [212] established a novel procedure for determination of trace 
As(III), As(V), Sb(III), Sb(V), Se(IV), Se(VI), Te(IV) and Te(VI) in water by AAS 
after separation, enrichment with cotton impregnated with thioglycollic acid (thiol 
cotton) and HG. Steps for the desorption of the adsorbed Te(IV) and the reduction of 
Te(VI) to Te(IV) were required. The limit of detection for Te was 8 mg L-1 when an 
enrichment factor of 20 was applied. A notable separation-preconcentration method 
using a mercapto-modified silica microcolumn has been suggested by Korez et al. for 
the determination of trace amounts of Te(IV) in waters by HG-AAS [213]. The 
detection limit for Te(IV) in seawater with a preconcentration factor of 50 was 37 ng 
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L-1. Narukawa described a procedure for the fractionation and determination of Te(IV, 
VI) using cobalt(III) oxide powder as a collector [214]. When 
3-phenyl-5-mercapto-1,3,4-thiadiazole -2(3H)-thione potassium salt (bismuthiol II) 
was used as an auxiliary agent for the collection, there was difference in collection 
behavior between Te(IV) and Te(VI) depending on the pH of the sample solution. By 
collecting Te(IV, VI) at pH 4.0, then Te(IV) at pH 1.0, fractionation and determination 
of Te(IV, VI) can be achieved by electrothermal AAS using a tungsten furnace. The 
detection limits was 12 µg L-1 Te. Speciation analysis of Te in solid environmental 
matrices was also accomplished on the basis of iron(III)-loaded chelating resin 
(Chelex-100) preconcentration and cathodic stripping voltammetry [215]. The limit of 
quantitation (10σ) was 0.05 mg Kg-1. The total Te content was obtained after a 
reducing step necessary to convert non-electroactive Te(VI) form into electroactive 
species, and Te(VI) was achieved by difference. 
This study aimed to develop a simple and highly sensitive method that can be used 
for routine analysis of inorganic tellurium species in water. The approach was to study 
the use of SPE cartridge for selective retention of Te(IV) and Te(VI) and their 
complexes with APDC followed by highly sensitive ICP-MS detection of the specific 
Te species remaining in the solution. A method was then developed on the basis of 
selective retention of Te(IV)-APDC complex on the C18 SPE cartridge for the 
determinations of total inorganic tellurium and Te(VI) in aqueous phase of the sample 
by ICP-MS. The Te(IV) concentration was obtained as a difference between the total 
tellurium and Te(VI) concentrations. The detection limit was 3 ng L-1 which is 
sufficient for the analysis of environmental samples without application of excessive 
preconcentration step. Factors affecting the SPE separation and detection of tellurium 
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species were investigated. This method was applied to tellurium speciation analysis of 
various sources of water samples. 
 
5.2 Results and discussion 
5.2.1 Optimization of ICP-MS parameters 
All the instrumental parameters such as RF forward power, torch position, plasma, 
auxiliary and carrier gas flow were optimized for the best net ion signal of tellurium to 
noise ratio (S/N). Tellurium has 8 isotopes, including 128Te and 130Te with the largest 
abundance (31.7% and 33.8%, respectively). The detection of both tellurium isotopes 
128Te and 130Te did not show significant differences in terms of their sensitivities and 
interferences suffered from the argon polyatomic species or matrix. 128Te was 
monitored throughout this study. During the optimization of ICP-MS operating 
parameters only one parameter was changed and the others remained constant as in 
Table 2.3. Preliminary results indicated that the RF power and carrier gas flow were 
the main parameters affecting signal intensities and S/N ratio. Net ion signals of 5.0 µg 
L-1 Te(IV) as a function of the carrier (nebulizer) gas flow at different RF powers are 
shown in Fig. 5.1. Carrier gas flow rate showed a significant effect on the ion intensity 
of Te(IV) at m/z 128. However, such an effect was influenced by the RF power 
applied. The Te net ion intensities increased with the carrier gas flow rate and reached 
a maximum value, and then gradually decreased. The maximum Te signal intensity 
increases with the increasing RF power. Fig. 5.1 also shows that the maximum Te 
signal intensity moves towards higher carrier gas flow rates when RF power increases. 
Fig. 5.1 is in agreement with the general trend described in literature [166]. The best 
S/N was achieved with the carrier gas flow rate in the range of 1.25-1.31 L min-1 when 
a RF forward power of 1350 W was applied. On the basis of the results shown in Fig. 
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5.1, a carrier gas flow rate of 1.28 L min-1 and a RF power of 1350 W were therefore 
selected for subsequent experiments. 
 






































Fig. 5.1  Effect of carrier gas on the net signal intensity of 5.0 µg L-1 Te(IV) in 2% 
HNO3 at various forward powers, and S/N ratio as a function of the carrier gas flow 
rate at 1350 W. 
 
After optimization of the ICP-MS operating parameters, non-spectral interferences 
were also studied. Effects of nitric acid on the net Te ion intensities of Te(IV), Te(VI) 
and blank intensity at m/z 128 were therefore investigated. It can be seen from Fig. 5.2 
that the addition of nitric acid caused signal suppression of Te(IV) and Te(VI). The net 
Te ion signal at m/z 128 of Te(IV) and Te(VI) decreased with increase of nitric acid 
concentration up to 0.5 mol L-1. The magnitude of suppression was found to be 
indifferent to both Te(IV) and Te(VI). Such a suppression of net Te ion signal at m/z 
128 could be attributed to similar phenomena in chapter 3 for arsenic [167 – 171]. As 
the nitric acid concentration increased, slight increase of the blank intensity at m/z 128 
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was observed when increasing the concentration of nitric acid. The final concentration 
of nitric acid was chosen to be 0.3 mol L-1, i.e., 2% (V/V). 
 



























As a chelating agent of tellurium, APDC could give effects on the net ion 
intensities of Te (IV) and Te(VI). As shown in Fig. 5.3, additions of 0.01-0.10% 
APDC did not show significant effect on the response of Te(VI). However, the 
existence of APDC ≥0.02% resulted in suppression of Te(IV) response. Meanwhile, 
addition of APDC also caused greater variation of Te(IV) signal. Such an influence of 
APDC on Te(IV) signal could be due to the formation of water insoluble 
Te(IV)-APDC complex under the conditions applied [196]. 
 
  83 





















Fig. 5.3  Effect of APDC on the background and net signal intensities for 5.0 µg 
L-1 Te(IV) and Te(VI) in 2% HNO3. 
 
5.2.2 Retention of tellurium species on SPE cartridge 
Preliminary results showed that Te(IV) was selectively retained on the C8 and C18 
cartridges as a complex with APDC, while the uncomplexed Te(VI) passed through the 
cartridge and remained as free species in the solution. No significant difference was 
observed for the retention of Te(IV)-APDC complex on the C18 and C8 cartridges. On 
the basis of this finding, retention behaviors of Te(IV) and Te(VI) on the C18 SPE 
cartridge were further investigated in the absence and presence of APDC. For the 
determination of retention of Te(IV), Te(VI) and their APDC complexes on a 
cartridge, standard solutions of 5.0 µg L-1 Te(IV) or Te(VI) in the presence and 
absence of 0.05% APDC were loaded onto each cartridge at 1 mL min-1 flow rate. The 
concentration of tellurium measured in the cartridge effluent compared with that in the 
initial standard solution represents the unretained portion of the tellurium species 
investigated. The difference in tellurium concentrations in the solutions before and 
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after passing through the cartridge provides information about the amount of the tested 
tellurium retained by the cartridge. The results indicated that at pH 5.0 the retained 
Te(IV) on the C18 SPE cartridge was about 35% in the absence of APDC, while 
Te(VI) was completely unretained. However, in the presence of 0.05% APDC, Te(IV) 
was quantitatively (99.98%) retained, while Te(VI) was still completely unretained on 
the C18 cartridge and remained as free species in the solution. Therefore Te(IV) and 
Te(VI) can be selectively separated with the C18 cartridge in the presence of APDC as 
an auxiliary chelating reagent.  
5.2.3 Effect of acidity on the retention of tellurium species 
For SPE, acidity would show a significant effect on the retention of Te(IV) and Te(VI) 
on the C18 cartridge in the absence and presence of APDC. The hydrolytic stability of 
APDC in aqueous media was pH dependent [196, 216]. The half-life values for APDC 
decreased sharply with increase in acidity. The change of acidity would also result in 
change of Te(IV) and Te(VI) species distribution [203] and therefore the complexation 
efficiency of APDC with Te(IV) and Te(VI). For liquid-liquid extraction of Te(IV) and 
Te(VI) using APDC, Chung et al. [196] found that Te(IV) was quantitatively extracted 
into chloroform-carbon tetrachloride mixed solvent over a wide acidity range of 5 mol 
L-1 HCl to pH 7, and Te(VI) was only slightly extracted from strong acidic solutions 
(≥4 mol L-1 HCl). Kamada et al. [194] reported that Te(IV) is completely extracted 
into carbon tetrachloride or 4-methyl-2-pentanone with APDC at pH 1-10 while the 
degree of extraction of Te(VI) in this pH range is much lower. However, both Te(IV) 
and Te(VI) were extracted with APDC in strong acidic medium. Because of the 
similarity of SPE to liquid-liquid extraction and on the basis of the selective 
liquid-liquid extraction results reported in literatures [194, 196], the influence of 
acidity on the retention efficiency of Te(IV) and Te(VI) in the presence and absence of 
  85 
APDC was investigated over the acidity range 0.005-0.5 mol L-1 H+. The acidity 
values were adjusted with nitric acid prior to the addition of APDC. 
 







 Te(IV) + APDC











Fig. 5.4  Influence of acidity on the retention of Te(IV) and Te(VI) on C18 
cartridge in the absence and presence of 0.05% APDC. 
 
 
As can be seen from Fig. 5.4, in the absence of APDC, only a part of Te(IV) was 
retained at low nitric acid concentration (<0.01 mol L-1) and also there was virtually no 
retention of Te(VI) on the C18 cartridge in the acidity range studied. The retention of 
Te(IV) could be due to the formation of the less water soluble neutral species Te(OH)4 
over the range of 0.005-0.01 mol L-1 HNO3 [203].  When acidity increased, Te(OH)3+ 
increased and became the dominant species, the retained tellurium therefore became 
less and less. For Te(VI), it mainly existed as the water soluble species Te(OH)5+, and 
was not retained on the C18 cartridge. In the presence of APDC as a chelating agent, 
Te(IV) was completely retained at approximately 100% on the non-polar C18 cartridge 
at 0.005-0.5 mol L-1 HNO3. The retention of Te(IV) was due to the formation of 
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organic solvent-extractable Te(IV)-APDC complex and therefore retained by 
non-polar C18 cartridge [194, 196]. Te(IV)-APDC complex is larger neutral molecule 
and less polar than Te(OH)4, thus was more strongly retained by non-polar C18 
sorbent. In the acidity range studied, Te(VI) was essentially not retained in the 
presence of APDC. The results shown in Fig. 5.4 would also further suggest similarity 
of retention behaviors of Te(IV) and Te(VI) in the presence of APDC with their 
liquid-liquid characteristics. In consideration of HNO3 effect on the ICP-MS signal of 
Te as described previously, selective and quantitative separation of Te(IV) and Te(VI) 
could be performed in 0.3 mol L-1 HNO3 (2%, v/v). 
 
5.2.4 Effect of APDC concentration 
For quantitative retention of Te(IV) as Te(IV)-APDC complex on the non-polar C18 
cartridge, an excess of APDC and appropriate APDC-to-Te(IV) ratio would also be 
necessary to ensure all Te(IV) converted to Te(IV)-APDC. The optimal concentration 
of APDC for separation of Te(IV) was examined at Te(IV) concentrations of 10, 50 
and 500 µg L-1 with different concentrations of APDC. The results are showen in Fig. 
5.5. When APDC concentration was more than 0.01%, Te(IV) at different 
concentrations was completely retained (≥99.0%) on the C18 cartridge. In other words, 
complete retention of 500 µg L-1 Te(IV) on the C18 cartridge can be achieved when 
the molar concentration of APDC was 1.5×105 times higher than Te(IV). In 
consideration of its competitive complexation with other metal ions in the real 
samples, 0.05% APDC was used for selective sorption of Te(IV) on the C18 cartridge. 
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Fig. 5.5  Effect of APDC concentration on the retention of Te(IV) at different 
concentrations on C18 cartridge. 
 
5.2.5 Influence of coexisting ions 
Trace metals can interfere, if under the experimental conditions, they effectively 
compete for complexation of APDC and are retained on the C18 cartridge. Other 
materials may also interfere by competitive complexation and masking of Te(IV) to 
form unretainable species on the non-polar cartridge. In consideration of applying the 
developed method to source water samples, main coexisting ions in water were 
investigated for their interferences with the determination of Te(IV), Te(VI) and total 
tellurium. As can be seen from Table 5.1, under the conditions applied, As(III), Sb(III), 
Se(IV), Cu(II), Ni(II), Co(II), K+, Na+, Cl-, Br-, F- and SO42-, etc. did not show 
significant interferences with the determination of Te(IV), Te(VI) and total tellurium at 
the concentration levels examined. 
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Table 5.1     Influence of coexisting ions on determination of Te(IV) and Te(VI)  
Added (µg L-1) Determined (µg L-1) 
Ions 
Concentration 
(mg L-1) Te(IV) Te(VI) Te(total) Te(IV) Te(VI) 
As3+ 0.1 1.54 1.93 3.57 1.52 2.05 
Sb3+ 0.1 1.54 1.93 3.51 1.57 1.94 
Se4+ 0.1 1.54 1.93 3.41 1.50 1.91 
Cu2+ 1.0 1.76 2.21 4.20 1.80 2.40 
Ni2+ 1.0 1.76 2.21 4.12 1.90 2.22 
Co2+ 1.0 1.76 2.21 4.19 1.87 2.32 
Na+ 78 1.54 1.93 3.33 1.58 1.75 
K+ 46 1.54 1.93 3.33 1.58 1.75 
NH4+ 20.4 1.54 1.93 3.52 1.54 1.98 
Cl- 7.1 1.54 1.93 3.52 1.54 1.98 
HCO3- 12.2 1.54 1.93 3.52 1.54 1.98 
SO42- 19.2 1.54 1.93 3.52 1.54 1.98 
H2PO4- 19.4 1.54 1.93 3.52 1.54 1.98 
NO3- 248 1.54 1.93 3.33 1.58 1.75 
Br- 1.0 1.76 2.21 3.96 1.55 2.41 
F- 1.0 1.76 2.21 3.98 1.66 2.32 
 
 
5.2.6 Determination of Te (IV) and Te (VI) in water samples 
The differences in retention of Te(IV) and Te(VI) in the presence of APDC make it 
possible to develop a simple and sensitive speciation method. Selective retention of 
Te(IV) in presence of APDC on the non-polar C18 cartridge could be applied for 
separation of Te(IV) from Te(VI) present in the aqueous sample. The concentration of 
Te(VI) in the aqueous phase can be determined by ICP-MS after separation of Te(IV) 
using the SPE cartridge. Te(IV) concentration was calculated as the difference between 
total tellurium and Te(VI) concentrations. The total tellurium concentration was 
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obtained from the original water sample filtered through 0.2 µm Nylon membrane disc 
filters. 
Table 5.2    Speciation analysis and recovery of Te(IV) and Te(VI) in water samples  
(n = 3) 




















0.035±0.003 0.008±0.001 0.027±0.003 0.5 91.0 0.6 91.5 
Drinking 
water 2 
0.005±0.002 <0.003 0.005±0.002 5 101 6 97.4 
Raw 
water 1 
0.011±0.002 <0.003 0.011±0.002 0.5 86.0 0.6 87.1 
Raw 
water 2 
0.026±0.003 0.012±0.003 0.014±0.004 5.0 86.1 6.0 87.2 
Waste 
water 1 
<0.003 <0.003 <0.003 0.5 108 0.6 96.2 
Waste 
water 2 








<0.003 <0.003 <0.003 5.0 95.6 6.0 97.0 
# The mean ± standard deviation (s) from triplicate measurements. 
 
By using the proposed procedure, calibration curves were established in the range 
of 0-5.0 µg L-1 Te with linear correlation coefficients of greater than 0.999 for both 
Te(VI) and total tellurium. Calibration curves were still linear even up to 50.0 µg L-1 in 
the pulse detector mode. A limit of detection achieved by the described procedure in 
combination with ICP-MS determination was estimated to be 3 ng L-1 as 3 times the 
standard deviation of the background. The proposed procedure was applied to the 
determination of Te(IV), Te(VI) and total tellurium in water samples from various 
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sources. Meanwhile recovery was also examined by spiking water samples with 
various tellurium species. The results of these analyses are summarized in Table 5.2. 
These results indicate that the Te(IV), Te(VI) and total tellurium in the water samples 
can be successfully analyzed on the basis of selective retention of Te(IV) in the 
presence of APDC on the C18 cartridge and therefore its separation from Te(VI). As 
shown in Table 5.2, the recoveries ranging from 86.0-108.0 % and 87.1-97.4 % were 
obtained for Te(IV) and Te(VI) at concentration levels of 0.5-6.0 µg L-1, respectively. 
From the recovery results it could be concluded that no significant oxidation or 




A method for speciation analysis of tellurium (IV) and tellurium (VI) was developed 
on the basis of selective retention of Te(IV) complex with APDC on the C18 solid 
phase extraction cartridge. The concentration of Te(VI) in the aqueous phase was 
determined by ICP-MS after separation of Te(IV) by SPE, and total tellurium 
concentration was obtained from the original water sample filtered through 0.2 µm 
Nylon membrane disc filters. The Te(IV) concentration was calculated as the 
difference between total tellurium and Te(VI) concentrations. This study indicated that 
the separation of Te(IV) in the presence of APDC could be achieved in a wide range of 
acidity studied. Coexisting ions tending to chelate with Te(IV) or APDC did not show 
significant interferences with the determinations of Te(IV) and Te(VI) at the 
concentration levels examined. The method is simple and sensitive and has been 
successfully applied to tellurium speciation analysis of various types of water samples. 
By using the proposed SPE separation in combination with ICP-MS determination, a 
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detection limit of 3 ng L-1 was achieved, which is sufficient for the analysis of 
environmental samples without application of excessive preconcentration step and 
complex sample pretreatment. Preconcentrations steps and pretreatments in turn may 
result in change of relative concentrations of individual tellurium species, 
contamination or loss of the analytes. 
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Chapter 6 Simultaneous speciation analyses of 
selenium and tellurium 
 
6.1 Introduction 
Selenium is an interesting element. It is an essential micronutrient for living organisms 
including humans. Optimum selenium intake from diet is necessary to achieve good 
health and to reduce the risk of certain diseases [217, 218]. However, it is recognized 
to be toxic at high concentrations. Its biogeochemistry behavior, nutritional 
bioavailability and toxicity are largely dependent on its chemical species [219-221]. 
Speciation analysis of selenium has therefore received extensive attention in recent 
years. Most of the works for selenium speciation analysis are focused on with 
hyphenated techniques, i.e. on-line coupling of a liquid chromatography (LC) system 
with an element specific detector such as AAS[222], atomic fluorescence spectrometry 
(AFS) [223-225] and ICP-MS[226-232]. Anion exchange [222, 223, 225, 226-228], 
cation exchange [227, 230] and reversed-phase [224, 225, 229, 231, 232] 
chromatographic techniques were usually used for selenium species separation. ICP-
MS demonstrated its unique advantages of excellent detection limits and multi-
elements capability and has therefore been mainly used for selenium detection in 
recent years [226]. CE coupled with ICP-MS detection [208] or UV detection [209] 
has also been used for selenium speciation analysis. Besides hyphenated techniques 
described above, hydride generation (HG) technique in combination with AAS, AFS, 
AES and ICP-MS has become one of the useful alternatives for the selenium speciation 
analysis [233]. The method is based on the reduction of the HG active selenium 
species to the gaseous hydride with NaBH4. One potential drawback of HG is therefore 
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that it requires selenium species to be a particular oxidation state before a hydride may 
be effectively formed.  It is reported that Se(IV) and a number of organic selenium 
compounds are HG active and generated volatile selenium compounds [233].  Se(VI) 
does not directly form volatile hydride in the HG system with NaBH4 and thus must be 
reduced to Se(IV) by reducing reagent prior to HG for the determination of Se(VI). 
Cathodic stripping voltammetry (CSV) was also applied to measure Se(IV) and Se(VI) 
[234, 235, 215]. Chung et al published a procedure to separate Se(IV) and Se(VI) by 
liquid-liquid extraction prior to AAS determination [196]. A method for determination 
of Se(IV) and Se(VI) in water was established by AAS after separation and enrichment 
with thiol cotton and HG [212]. 
Tellurium is generally associated with Se in minerals and earth crust at trace or 
ultra trace levels, and has similar chemical and physical characters to Se [215]. 
However, it is usually regarded as a nonessential element and is harmful to humans 
[236]. Its toxicity is dependent on its chemical form [205]. In comparison with 
extensive speciation studies of selenium, only a few works have dealt with the 
speciation analysis of tellurium. Speciation analysis of tellurium can be performed on 
the basis of on-line hyphenation of chromatographic separations and element-specific 
detectors [208, 209], CSV [215] and graphite furnace AAS combined with liquid-
liquid extraction [196].  
The aquatic ecosystem is an important part in the ecological cycle. The selenium 
levels are generally low (less than 10 µg L-1) in the ground and surface water, but may 
reach much higher concentrations dependent on geological factors and various 
industrial discharges [223, 226, 228, 237]. The major sources of selenium pollution in 
aquatic ecosystems, including the oceans, are domestic wastewater effluents, coal-
burning power plants, and non-ferrous metal smelters [223, 226, 228, 237]. Up to now, 
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Se(IV) and Se(VI) have been the primary selenium species of interest in aqueous 
ecosystems [223, 226, 228, 237]. In nature, tellurium is present in the form of tellurite 
[TeO32-, Te(IV)] and tellurate [TeO32-, Te(VI)] and its concentrations in natural waters 
are generally at trace levels (<ng L-1) [214]. Therefore, accurate and highly sensitive 
methods are needed for the simultaneous speciation analyses of Te and Se in all 
compartments of aquatic ecosystems. The aim of this study is to develop a simple and 
highly sensitive method for simultaneous determination of the inorganic Se and Te 
species in waters. The heart of the approach is the use of non-polar silica-based C18 
sorbent-containing SPE cartridges for selective retention of APDC complexed Se(IV) 
and Te(VI). Te(VI) and Se(VI) did not form APDC complexes and passed through the 
cartridge as free species in the solution, and thereafter determined by ICP-MS. A 
method was then proposed for the simultaneous separation and determination of 
inorganic tellurium and selenium species in aqueous samples. Se (IV) and Te(IV) 
concentrations can be calculated as the respective differences between total selenium 
and Se(VI), and total tellurium and Te(VI) concentrations. The detection limits are 7 
ng L-1 Se and 3 ng L-1 Te which are sufficient for the analysis of environmental 
samples without application of excessive preconcentration step. Factors affecting the 
SPE separation and detection of selenium and tellurium species were investigated. This 
method was applied to selenium and tellurium speciation analyses of various sources 
of water samples. 
 
6.2 Results and discussion 
6.2.1 Optimization of ICP-MS operating parameters 
The determination and speciation analysis of selenium by ICP-MS suffers from two 
main problems [226, 229, 230, 237]. The first is the high first ionization potential of Se 
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resulting in a lower degree of ionization in the plasma. The second is the elemental 
sensitivity distributed over six isotopes among which the most abundant 80Se (49.7%) 
and 78Se (23.6%) isotopes suffer from strong interferences due to the 40Ar40Ar+ and 
40Ar38Ar+ dimmers. The application of nuclides for Se at m/z 78 or 80 is hence made 
impossible by the generation of ArAr+ dimmers, primarily at m/z 80, but also 
significantly at 78, as the resolution of quadrupole mass spectrometers is not sufficient 
to resolve atomic and molecular species having the same nominal mass. Therefore, 
owing to their signal-to-noise (S/N) ratio, the isotope 82Se(9.2%) is generally selected 
for selenium determination and speciation analysis by ICP-MS. Tellurium has 8 
isotopes, including 128Te and 130Te with the larger abundance (31.7% and 33.8%, 
respectively). The detections of both tellurium isotopes 128Te and 130Te did not show 
significant differences in terms of their sensitivities and interferences suffered from the 
argon polyatomic species or matrix. 128Te were monitored throughout this study.  
The ICP-MS operating parameters such as RF forward power, torch position, 
plasma, auxiliary and carrier gas flow were optimized for the best net ion signals of Se 
and Te and their S/N ratio. The ICP-MS sensitivity was optimized by varying one 
instrumental setting at a time and the others were remained constant as shown as in 
Table 2.4 during the analysis of standard solutions of the various species studied. 
Preliminary results  indicated that the RF power and carrier gas flow were the main 
parameters affecting the signal intensities and S/N ratios of Se and Te with similar 
behaviors. Carrier gas flow rate showed significant effects on the net ion intensities of 
Te and Se. However, such effects were influenced by the RF power applied. The Se 
and Te net ion intensities increased with the carrier gas flow rate and reached 
maximum values, and then gradually decreased (not shown here). The maximum Se 
and Te signal intensities increased and moved towards higher carrier gas flow rates 
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when RF power increased. On the basis of the best S/N ratios for both Se and Te, a 
carrier gas flow rate of 1.28 L min-1 and a RF power of 1350 W were therefore 
selected for subsequent experiments. The optimal values of auxiliary gas and plasma 
gas flow rates were 0.91 L min-1 and 15 L min-1, respectively. 
Owing to the use of nitric acid in standard and sample preparation, and APDC as 
chelating reagent, their effects were also examined on the net Se and Te ion intensities. 
The results showed the net Se and Te signals decreased with increase of nitric acid 
concentration up to 0.5 mol L-1. The magnitude of suppression was found to be 
indifferent to both Te(IV) and Te(VI), and also both Se(IV) and Se(VI). It should be 
noted that the acid effects on the net Te and Se ion signals were strongly dependent on 
the instrumental operating conditions employed. The final concentration of nitric acid 
was chosen to be 0.3 mol L-1, i.e., 2% (V/V) which was usually the acid concentration 
employed for water sample preservation. The addition of APDC did not showe 
significant effects on the intensities of Se(VI) and Te(VI). However, the existence of 
APDC ≥ 0.02% resulted in suppression of Te(IV) and Se(IV) responses. Meanwhile, 
addition of APDC also caused greater variations of Te(IV) and Se(IV) signals. Such 
influences of APDC on Te(IV) and SE(IV) signals could be due to the formation of 
water insoluble Te(IV)-APDC and Se(IV)-APDC complexes under the conditions 
applied. 
 
6.2.2 Effect of acidity on retention and separation of selenium and tellurium 
The influences of acidity on the retention efficiency of Te(IV), Te(VI), Se(IV) and 
Se(VI) in the presence and absence of APDC was investigated over the acidity range 
0.02-1.0 mol L-1 H+. The acidity values were adjusted with nitric acid prior to the 
addition of APDC. For 20 ml standard solutions containing 5.0 µg L-1 of Se(IV), 
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Se(VI), Te(IV) or Te(VI), 1.0 mL 1.0% APDC solution was added in the case of the 
presence of APDC after various amounts of nitric acid were added to the ranges 
expected. The retention efficiency of different Se and Te species on the C18 SPE 
cartridge was then determined according to the procedure as described in the 
Experimental Section. The results are shown in Fig. 6.1 and Fig. 6.2. 
 



















Fig. 6.1 Effect of  acidity on the retention of Se(IV), Se(VI), Te(IV) and Te(VI) 
on C18 cartridge. 
 
 
As can be seen from Fig. 6.1, in the absence of APDC, there were virtually no 
retention of Se(IV), Se(VI), Te(IV) and Te(VI) on the C18 cartridge in the acidity 
range studied. Under the conditions studied, Se(IV), Se(VI), Te(IV) and Te(VI) mainly 
existed as water soluble species H2SeO3, HSeO4-, Te(OH)3+ and Te(OH)6, respectively 
[203], and were therefore not retained on the non-polar C18 cartridge. In the presence 
of APDC as a chelating agent, Se(IV) and Te(IV) were all completely retained at 
approximately 100% on the C18 cartridge, while Se(VI) and Te(VI) fully passed 
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through the cartridge and remained as free species in the solutions (Fig. 6.2). The 
retention of Te(IV) and Se(IV) in the presence of APDC was due to the formation of 
organic solvent-extractable Te(IV)-APDC and Se(IV)-APDC complexes and therefore 
retained by non-polar C18 cartridge [238]. Te(IV)-APDC and Se(IV)-APDC 
complexes are larger neutral molecules and less polar than Te(OH)4 and H2SeO3, 
respectively, thus were more strongly retained by non-polar C18 sorbent. In the acidity 
range studied, Se(VI) and Te(VI) were essentially not retained in the presence of 
APDC. APDC is known to form complexes with Se(IV) and Te(IV) selectively, which 
can be extracted into organic solvents such as carbon tetrachloride and methyl isobutyl 
ketone (MIBK) [238]. However, the extraction efficiency was considerably influenced 
by the pH or acidity of the aqueous solution. Se(VI) and Te(VI) did not form 
complexes with APDC under the same conditions and therefore cannot be extracted 
into the organic solvents [238]. Reduction of Se(VI) and Te(VI) to Se(VI) and Te(VI) 
was necessary for their extraction with APDC. For liquid-liquid extraction of Se(IV), 
Se(VI), Te(IV) and Te(VI) using APDC, Chung et al. [196] found that Se(IV) and 
Te(IV) were quantitatively extracted into chloroform-carbon tetrachloride mixed 
solvent over a wide acidity range of 5 mol L-1 HCl to pH 7. Se(VI) and Te(VI) were 
only slightly extractable in strong acidic solutions (≥4 mol L-1 HCl). The extraction of 
Se(VI) under these conditions is possibly due to the reduction of Se(VI) by HCl to 
Se(IV) [196], which was confirmed by the fact that Se(VI) was not extracted from an 
HNO3 medium at all.  
The results shown in Fig. 6.2 would therefore further suggest similarity of retention 
behaviors of Se(IV), Se(VI), Te(IV) and Te(VI) on the C18 SPE cartridge in the 
presence of APDC to their liquid-liquid characteristics. In consideration of the use of 
HNO3 in sample preservation, sample and standard preparation, etc., and its effect on 
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the ICP-MS signal of Te as described previously, selective and quantitative separation 
of Se(IV), Se(VI), Te(IV) and Te(VI) could be performed in 0.3 mol L-1 HNO3 (2%, 
V/V). 
 



















Fig. 6.2 Effect of acidity on the retention of Se(IV), Se(VI), Te(IV) and Te(VI) 
on C18 cartridge with APDC of 0.05% as the auxiliary agent. 
 
6.2.3 Influence of APDC concentration 
Quantitative extraction of Te(IV) and Se(IV) occurred when the APDC to metal 
concentration ratios was greater than certain values [196, 238]. To quantitatively retain 
Se(IV) and Te(IV) as their complexes with APDC on the non-polar C18 cartridge, 
excessive APDC and appropriate ratios of APDC-to-Te(IV) and APDC-to-Se(IV) 
would be necessary for complete formation of Se(IV)-APDC and Te(IV)-APDC 
complexes. The optimal concentration of APDC for simultaneous separation of Se(IV) 
and Te(IV) was examined at Se(IV) and Te(IV) concentrations of 50 and 500 µg L-1 
with different concentrations of APDC. The results are shown in Fig. 6.3.  At both 
concentrations studied, Se(IV) and Te(IV) were completely retained (≥95.0%) on the 
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C18 cartridge when APDC concentration was above 0.03%. In other words, complete 
simultaneous retention of 500 µg L-1 Te(IV) and Se(IV) on the C18 cartridge can be 
achieved when the molar concentration of APDC was 1.8×102 times higher than 
Te(IV) and Se(IV). In consideration of its competitive complexation with other metal 
ions in the real samples, 0.05% APDC should be generally sufficient and therefore 
used to retain Se(IV) and Te(IV) selectively, quantitatively and simultaneously on the 
C18 cartridge from aqueous solution. 
 
 






 50 µg L-1  Se(IV)
 50 µg L-1  Te(IV)
 500 µg L-1 Se(IV)
















Fig. 6.3 Influence of APDC concentration on the retention of Se(IV) and Te(IV) 
at different concentrations on C18 cartridge. 
 
6.2.4 Interference studies 
In consideration of applying the developed method to environmental source water 
samples, the main foreign ions co-existing in water were investigated for their 
interferences with the simultaneous determination of Se(IV), Se(VI), total Se, Te(IV), 
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Te(VI) and total Te. The results are summarized in Table 6.1. As can be seen from 
Table 6.1, under the conditions employed, As(III), Sb(III), Cu(II), Ni(II), Co(II), Na+, 
K+, NH4+, SO42+, H2PO4- and Cl- etc. did not show significant interferences with the 
simultaneous speciation analyses of inorganic selenium and tellurium at the 
concentration levels examined. 
 
6.2.5 Application to water samples 
Selective retention of Se(IV) and Te(IV) in presence of APDC on the non-polar C18 
cartridge could be applied to separate Se(IV) and Te(IV) from Se(VI) and Te(VI) 
present in the aqueous sample. The respective differences in retention of Se(IV) and 
Se(VI), and Te(IV) and Te(VI) in the presence of APDC make it therefore possible to 
develop a simple, sensitive and simultaneous speciation analysis method for inorganic 
selenium and tellurium. The concentrations of Se(VI) and Te(VI) in the aqueous phase 
can be determined by ICP-MS after separation of Se(IV) and Te(IV) using the SPE 
cartridge. The Se (IV) and Te(IV) concentrations can be obtained as the respective 
differences between total selenium and Se(VI), and total tellurium and Te(VI) 
concentrations. The total tellurium and selenium concentrations were obtained by ICP-
MS from the original water sample filtered through 0.2 µm Nylon membrane disc 
filters. In theory, Se(IV) and Te(IV) could be determined by ICP-MS after desorbing 
their APDC complexes from the SPE cartridge with proper organic solvents such as 
methanol. However, a certain amount of organic solvent in water would result in 
unexpected non-spectral interferences with their measurements and less stable plasma 
and background. Use of even higher contents of organic solvents may cause plasma 
extinction and carbon deposition at the tip of the sampling cone, etc. when O2 is not 
added to keep the interface free from carbon build-up, and a special introduction 
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device and Pt interface are not employed. Therefore, Se(IV) and Te(IV) were not 
determined from the desorbed Se(IV)-APDC and Te(IV)-APDC. 
By using the proposed method, calibration curves for Se(VI), total Se, Te(IV) and 
Te(VI) were established in the concentration range of 0-5.0 µg L-1 with linear 
regression correlation coefficients of greater than 0.995 for all the species. The 
calibration curves were still linear even up to 50.0 µg L-1 in the pulse detector mode. 
The limits of detection (LOD) by the described procedure in combination with ICP-
MS detection were calculated to be 7 ng L-1 for Se and 3 ng L-1 for Te as 3 times the 
standard deviations of the respective backgrounds. 
The method was applied to the simultaneous determination of Se(IV), Se(VI), total 
Se, Te(IV), Te(VI) and total Te in  water samples from different sources. These water 
samples are drinking water, water plant product water, reservoir raw water and waster 
water. Meanwhile, recovery was also examined by spiking water samples with various 
Se and Te species at different concentration levels.  The results are summarized in 
Table 6.2. Table 6.2 demonstrate that Se(IV), Se(VI), total Se, Te(IV), Te(VI) and total 
Te in  the water samples can be successfully determined by ICP-MS based on the 
simultaneous selective retention of Se(IV) and Te(IV) in the presence of APDC on the 
non-polar C18 cartridge and therefore their separation from Se(VI) and Te(VI). As 
shown in Table 6.2, recoveries in ranges of 93.6-99.0%, 89.6-98.9%, 82.3-106% and 
92.8-106% were obtained for Se(IV), Se(VI), Te(IV) and Te(VI), respectively, at 
concentration levels of 1.0-4.0 µg L-1. These recovery results could also indicate that 
no significant oxidation and reduction occurred for the spiked different selenium and 
tellurium species during the sample preparation and SPE separation. 
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6.3 Conclusions 
Based on the selective retention of Se(IV) and Te(IV) complexes with APDC on the 
C18 SPE cartridge, an ICP-MS method was developed for simultaneous speciation 
analyses of inorganic selenium and tellurium in water samples. This study indicated 
that the simultaneous separation of Se(IV) and Te(IV) in the presence of APDC from 
Se(VI) and Te(VI) could be achieved over a wide range of acidity (0.02-1.0 mol L-1 
H+). Foreign ions did not show significant interferences with the determinations of 
Se(IV), Se(VI), total Se, Te(IV), Te(VI) and total Te at the concentration levels 
examined. The method is simple, sensitive and selective, and has been successfully 
applied to the inorganic Se and Te speciation analysis of various types of water 
samples. By using the proposed procedure in combination with ICP-MS detection, 
detection limits of 7 ng L-1 for Se and 3 ng L-1 for Te were achieved, which should be 
sufficient for the analysis of environmental samples without application of further 
excessive preconcentration steps and complex sample pretreatment with organic 
solvents and other inorganic reagents. Preconcentration steps and pretreatment may in 
turn result in changes of relative concentrations of individual tellurium and selenium 










Table 6.1 Influence of coesisting ions  
Added (µg L-1) Determined (µg L-1) Added (µg L-1) Determined (µg L-1) 
Ions 
Concentration 
(mg L-1) Se(IV) Se(VI) Se(total) Se(IV) Se(VI) Te(IV) Te(VI) Te(total) Te(IV) Te(VI)
As3+ 0.5 2.40 2.80 4.76 2.12 2.64 1.50 2.00 3.57 1.52 2.05 
Sb3+ 0.5 2.40 3.00 5.16 2.30 2.86 1.50 2.00 3.51 1.57 1.94 
Cu2+ 0.5 2.40 2.80 4.66 2.10 2.66 1.80 2.20 4.20 1.80 2.40 
Ni2+ 0.5 2.40 3.00 5.29 2.35 2.94 1.80 2.20 4.12 1.90 2.22 
Co2+ 0.5 2.40 3.00 5.29 2.35 2.94 1.80 2.20 4.12 1.90 2.22 
Na+ 78 2.40 3.00 5.16 2.49 2.67 1.50 2.00 3.33 1.58 1.75 
K+ 46 2.40 3.00 5.16 2.49 2.67 1.50 2.00 3.33 1.58 1.75 
NH4+ 34 3.25 3.50 6.53 2.97 3.56 1.50 2.00 3.52 1.54 1.98 
HCO3- 24.4 3.25 3.50 6.53 2.97 3.56 1.50 2.00 3.52 1.54 1.98 
SO42- 38.4 3.25 3.50 6.53 2.97 3.56 1.50 2.00 3.52 1.54 1.98 
H2PO4- 38.8 3.25 3.50 6.53 2.97 3.56 1.50 2.00 3.52 1.54 1.98 
Ac- 23.6 3.25 3.50 6.53 2.97 3.56 1.50 2.00 3.52 1.54 1.98 
NO3- 248 2.40 3.00 5.16 2.49 2.67 1.50 2.00 3.33 1.58 1.75 









Table 6.2 Speciation analyses of inorganic Se and Te in water samples and their spiked recoveries(n=3) 
Sample result Spiked recovery 
Se(IV) Se(VI) Te(IV) Te(VI) 






























0.342±0.021 0.298±0.018 0.044±0.027 N.D N.D N.D 3.0 96.3 3.5 98.9 1.5 99.9 2.0 92.8 
Product 
water 
0.144±0.008 0.141±0.007 N.D N.D N.D N.D 3.0 91.3 3.5 95.5 1.5 82.3 1.5 106 
Raw 
water 
0.438±0.044 0.432±0.056 N.D N.D N.D N.D 3.0 99.0 4.0 90.3 1.5 94.4 2.0 97.3 
Waster 
water 
1.312±0.062 1.162±0.097 0.150±0.144 N.D N.D N.D 3.0 93.6 4.0 89.6 1.0 106 1.5 96.5 











The methods for speciation of As, Sb, Te and Se have been developed in this study on 
the basis of selective solid phase extraction (SPE) separation and highly sensitive 
inductively coupled plasma mass spectrometric (ICP-MS) detection.  
The study demonstrated that As(V) and MMA were completely retained on a SAX 
cartridge. Complete retention of DMA, AsB, AsC, TMAI and TMAO were obtained 
on a SCX-3 cartridge. As(V), MMA, AsB, AsC, TMAI and TMAO were also 
completely retained on a M-M cartridge. As(III) was not retained on either cartridge 
and remained in solution. Many factors, such as the chemical characteristics of arsenic 
species and the types of sorbent materials, affected the retention of As(III), As(V), 
MMA, DMA, AsB, AsC, TMAO and TMAI on the SPE cartridges. Changes of pH in 
the range of 2.0–9.0 showed different magnitudes of effects on the retention of 
arsenic compounds on the strong cation exchange cartridges, mixed mode cartridges 
and SAX cartridges. Selective elution of arsenic compounds was achieved with 1.0 M 
acetic acid or 1.0 M HNO3 from both the SAX and SCX-3 cartridges but not the M-M 
cartridge. On the basis of differences in retention and elution behaviors of arsenic 
compounds, a method was developed for the arsenic speciation using SPE cartridges 
and ICP-MS. A detection limit of 8 ng L-1 As was achieved. The method was applied 
to arsenic speciation analysis in lab water, drinking water, product water, raw water 
and waste water with the recoveries in ranges of 90.3-106%, 87.6-110%, 88.6-107%, 
81.0-118% and 91.6-101% for As(III), As(V), MMA, DMA and AsB, respectively.  
Non-polar SPE cartridges, such as the C8 or C18 sorbent-containing cartridge, 
selectively retained the Sb(III) complex with ammonium pyrrolidine dithiocarbamate 
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(APDC), while the uncomplexed Sb(V) passed through the cartridge as a free species 
in the solution. The Sb(III) concentration was calculated as the difference between 
total antimony and Sb(V) concentrations. The detection limit was 1 ng L-1 antimony. 
Under acidic conditions partial or complete Sb(V) in samples were retained on C8 or 
C18 cartridge. Foreign ions which tend to complex with Sb(III) or APDC did not 
interfere with the separation of Sb(III) and Sb(V). In its application for antimony 
speciation in various sources of water samples, the recoveries in ranges of 90.2-114% 
and 92.4-108% were obtained for Sb(III) and Sb(V) respectively.  
Speciation analysis of tellurium (IV) and tellurium (VI) was also on the basis of 
selective retention of Te(IV) complex with APDC on the C18 solid phase extraction 
cartridge. The concentration of Te(VI) in the aqueous phase was determined after 
separation of Te(IV) by SPE. The Te(IV) concentration was calculated as the 
difference between total tellurium and Te(VI) concentrations. The separation of Te(IV) 
and Te(VI) in the presence of APDC could be achieved in wide range of acidity. The 
common co-existing ions in water did not show significant interferences with the 
determination of Te(IV) and Te(VI). A detection limit of 3 ng L-1 Te was achieved. 
The Te(IV) and Te(VI) in the water samples were successfully determined by the 
proposed procedure with the recoveries ranging from 86.0-108.0% and 87.1-97.4% 
respectively. 
On the basis of selective retention of Se(IV) and Te(IV) complexes with APDC on 
the C18 SPE cartridge, a method was developed for simultaneous speciation analyses 
of inorganic selenium and tellurium in water samples. The simultaneous separation of 
Se(IV) and Te(IV) in the presence of APDC from Se(VI) and Te(VI) could be 
achieved over a wide range of acidity studied. Foreign ions did not significantly 
interfere with the determinations of Se(IV), Se(VI), total Se, Te(IV), Te(VI) and total 
 108
Te. By using the proposed procedure in combination with ICP-MS detection, detection 
limits of 7 ng L-1 for Se and 3 ng L-1 for Te were achieved. The recoveries in ranges of 
93.6-99.0%, 89.6-98.9%, 82.3-106% and 92.8-106% were obtained for Se(IV), Se(VI), 
Te(IV) and Te(VI) respectively. 
The application results also showed that As(V), Sb(V) and Se(IV) were the main 
species in water samples. And very low qualities of Te(IV) and Te(VI) were 
determined in some samples. The results are consistent with literatures on speciation of 
these elements in environmental water samples [196, 197, 226]. 
The methods developed in this study can be divided into two steps: the separation 
by SPE cartridges and detection by ICP-MS. These are off-line techniques. If there is a 
design to connect the effluent from SPE cartridge with the sample tubing of ICP-MS, 
the on-line speciation methods will appear. The on-line techniques mean more 
convenience and less manual work. Furthermore, the possible contamination and redox 
during sample transfer will be eliminated. It is much better to compare the results in 
this study with results from other published methods. For example, the mostly 
published methods for speciation of arsenic, antimony, selenium and tellurium are by 
liquid chromatography separation and specific detectors. Only water samples are 
determined in this study. The application area can be extended further such as sea food 
rich in arsenic species, urine, soil and sludge extracts, etc. Another future work is to 
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